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ABSTRACT OF DISSERTATION

Selective Electron Beam Etching of Materials Using Liquid Reactants
Nanoscience and nanotechnology require advances in processing, patterning, and
characterization of materials to overcome current limitations and generate new devices. Electron and ion beam based processes are vital for fabrication and nanoscale prototyping with significant applications in nanoscale electronic, photonic, and
magnetic devices; integrated circuit debugging; and lithographic mask and imprint
template repair.
Focused ion and electron beams are routinely used to locally add (printing) or subtract (machining) materials. This type of material processing is becoming increasingly
important to the integrated circuit manufacturing industry for editing and debug applications. Most significantly, as structures continue to scale down and increase in
complexity, selective material removal has become considerably more challenging. Integrated circuits have a variety of materials densely packed across small geometry.
Focused ion beam milling can remove materials but often damages underlying layers.
Likewise, e-beam induced etching with gases relies on producing a volatile byproduct,
and this prevents etching of many technologically essential materials such as copper
and nickel. As a result, there is a need to develop new techniques to address many
of these challenges.
Liquid, rather than gas, phase focused electron beam induced processes may overcome many of these challenges. Therefore, we have been investigating the theory and
practice of etching metals using focused electron beams and liquid reactants as an
alternative to the current gas-phase technique. The results can be applied directly
to nanoelectronics integrated circuit edit, and to the repair of extreme ultra-violet
(EUV) masks used in high perforce photolithography.

A comprehensive investigation of metal etching in liquids as a function of process
variables has been provided. Studies and experiments of the variables that control the
etching -such as electron beam current, liquid thickness, and does, have been made to
determine the fundamental mechanisms of liquid phase focused electron beam induced
etching. A predictive model for liquid phase focused electron beam induced etching
of copper has been developed. This requires modeling of electron interactions with
gas in the process chamber and the liquid. It also requires modeling of subsequent
chemical reactions that lead to copper etching. Monte Carlo simulation was used
for electron energy loss versus position in the liquid. The output was coupled with
finite element simulations to model radiolysis processes, subsequent reactions, mass
transport in liquid, and etch geometry. A good agreement was found between the
simulated and experimental results.
For the liquid phase focused electron beam induced etching of copper experiments,
We have designed an optical imaging system for the specimen chamber of a standard
scanning electron microscopy that allows direct measurements of the liquid thickness
and visualization of the liquid thin film topology. For Nickle etching, we have developed a straight forward quantitative assessment of the liquid film thickness by using
nanocubes fabricated by means of two photon lithography.
The understanding gained from these studies suggests a number of new research
directions and should lay the foundation for new technological developments.
KEYWORDS: Focused Electron Beam Induced Etching, LP-FEBIE, Copper etching,
Nickle etching, Micro and nano fabrication, EUV mask repair.

Author’s signature:

Sarah K. Lami

Date:

May 8, 2020

Selective Electron Beam Etching of Materials Using Liquid Reactants

By
Sarah K. Lami

Director of Dissertation: Dr. J. Todd Hastings
Director of Graduate Studies: Dr. Aaron M. Cramer
Date:

May 8, 2020

ACKNOWLEDGMENTS

Praise be to God, the one who, by His grace and blessing, good works are accomplished This thesis would have not been possible without the support and inspiration
that I received from a number of remarkable individuals.
There are no proper words that can express my sincere gratitude and respect to
my advisor, Professor Jeffrey Todd Hasting, for his support, help, encouragement, and
patience during my Ph.D. journey. His motivation and vision have deeply inspired
me over the years.
I am forever thankful to the members of my thesis advisory committee: Dr. Vijay
Singh, Dr. Janet Lumpp, Dr. Beth Guiton, and Dr. Jesse Hoagg.
Special thanks to my colleagues, Gabriel Smith, Samaneh Esfandiarpour, and
Mansoor Sultan for their collaborative efforts and helpful discussions.
I really appreciate the professional technical support and training provided by
the staff of the center for Nanoscale Science and Engineering (CeNSE), the Electron
Microscopy Center (EMC), and the Center of Advanced Materials at the university
of Kentucky, Brain Wajdyk, Jacob Hempel, Nicolas J. Briot, Dali Qian, and Amrit P.
Kaphle. I also appreciate the technical support provided by the staff of Micro/ Nano
Technology Center at the university of Louisville, especially Dr. Julia Aebersold.
Special thanks to Dr. John Villarrubia of the National Institute of Standards for
his assistance with the JMONSEL Monte Carlo simulation code and for very helpful
discussions.
I also wish to extend my special thanks to Dr. Aurélien Botman of Thermo Fisher
Scientific for providing the Liquid Injection system (LIS).
I am thankful to Professor Kathleen Dunn, SUNY Polytechnic Institute, for providing the electrodeposited copper samples. Special thanks Mr. François Pomerleau
iii

at the center for Microelectrodes Technology (CenMeT) at the university of Kentucky
for providing the picospirtzer.
A heartful thanks to my mother, father, sister and my brothers for your care and
kindness and for always being there for me. I am forever grateful.
Finally, I thank with love Amire, who has been living every single day of this
journey, and giving me the courage and support to always move forward. And for
my darlings Yousef, Danya, and Mustafa, thank you for being you. I am so blessed
to have you all in my life.
The work in this thesis was supported by the National Science Foundation under Grant No. CMMI-1538650, the Higher Committee For Education Development
in Iraq (HCED), and the Ministry of Higher Education and Scientific Research in
Iraq/Al-Furat Al-Awsat Technical University. This work was performed in part at the
University of Kentucky Center for Nanoscale Science and Engineering, the University
of Kentucky Center for Advanced Materials, the University of Kentucky Electron Microscopy Center, and the University of Louisville Micro and Nano Technology Center,
members of the National Nanotechnology Coordinated Infrastructure (NNCI), which
is supported by the National Science Foundation (ECCS-1542164). This work used
equipment supported by National Science Foundation Grant No. CMMI-1125998.

iv

CONTENTS

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

iii

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

viii

Chapter 1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1.1

The beginnings of scanning electron microscopy . . . . . . . . . . . .

2

1.2

Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . .

3

1.3

Resist-Based Electron beam lithography (EBL) . . . . . . . . . . . .

8

1.4

Focused Electron Beam induced process (FEBIP) . . . . . . . . . . .

8

1.4.1

Gas Assisted-Focused Electron Beam Induced Deposition . . .

8

1.4.2

Liquid Phase Focused Electron Beam Induced Deposition . .

11

1.4.3

Gas Assisted-Focused Electron-Beam-Induced Etching . . . .

12

1.4.4

Liquid Phase Focused Electron Beam Induced Etching . . . .

16

Principles and Physics of Electron Matter Interactions . . . . . .

18

Electron Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . .

18

2.1.1

Elastic Scattering . . . . . . . . . . . . . . . . . . . . . . . . .

21

2.1.2

Inelastic Scattering . . . . . . . . . . . . . . . . . . . . . . . .

22

Electron-Matter Interactions . . . . . . . . . . . . . . . . . . . . . . .

23

2.2.1

ElectronVapor Interactions . . . . . . . . . . . . . . . . . . .

23

2.2.2

Electron liquid Interactions . . . . . . . . . . . . . . . . . . .

24

The Monte Carlo Method . . . . . . . . . . . . . . . . . . . . . . . .

25

Chapter 2
2.1

2.2

2.3

Chapter 3

Liquid Phase Focused Electron Beam Induced Etching of Copper

31

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

31

3.2

Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . .

34

3.2.1
3.2.2

Focused Electron Beam Induced Etching with Controlled Liquid Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . .

34

Hybrid Model for Liquid-phase FEBIE . . . . . . . . . . . . .

38

v

3.2.3

Influence of liquid thickness and electron beam current on the
etch rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

51

3.3

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

3.4

Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.4.1

LP-FEBIE . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.4.2

Optical Imaging System . . . . . . . . . . . . . . . . . . . . .

55

Nickel Etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

57

4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

58

4.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

60

4.3

Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . .

62

4.3.1

Nickel etching using sulfuric acid . . . . . . . . . . . . . . . .

62

4.3.2

Liquid thickness characterization with a 3D printed measuring

Chapter 4

4.4

tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

4.3.3

Etch efficiency and resolution . . . . . . . . . . . . . . . . . .

65

4.3.4

Refresh time effect . . . . . . . . . . . . . . . . . . . . . . . .

67

4.3.5

Effect of Surfactants on Resolution and Efficiency . . . . . . .

68

4.3.6

Etching with localized liquid delivery . . . . . . . . . . . . . .

68

4.3.7

Etching mechanism . . . . . . . . . . . . . . . . . . . . . . . .

69

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

70

Chapter 5

Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

74

5.1

In-Situ Optical Spectroscopy

. . . . . . . . . . . . . . . . . . . . . .

74

5.2

Electron Beam Induced Etching of Teflon film with Reactive Gas . .

76

5.3

Electron Beam Induced Deposition of High-Conductivity Copper Nanowires
using Liquid Precursors . . . . . . . . . . . . . . . . . . . . . . . . .

5.4

79

High-Efficiency Hybrid Achromatic Metalens via 3D Printed Optical
Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

81

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

84

Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

vi

LIST OF TABLES

4.1

Tested condition for LP-FEBIE of nickel . . . . . . . . . . . . . . . . . .

vii

61

LIST OF FIGURES

1.1

The first scanning electron microscopy image of silicon iron from secondary
electrons. [1] Reproduced with permission. All rights reserved. John Wiley
and Sons©

1.2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Schematic representation of the basic scanning electron microscopy components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.3

4
5

SEM backscattered electron image of poplar wood at 15 keV and 0.08
nA. (a) Image obtained when the sample is surrounded by water vapor
with pressure ≈ 0.075 Torr. The image is free of charging artificats. (b)
Image when an insufficient amount of water vapor, ≈ 7.5 ∗ 10−5 Torr, is
used. The scale bar represents 20µ m. [2] Reproduced with permission.
All rights reserved. IOP publishing© . . . . . . . . . . . . . . . . . . . .

1.4

Schematic illustration of (a) the basic steps of the electron beam lithography process and (b) the two main pattern transfer methods. . . . . . .

1.5

7
9

An illustration of gas-assisted focused electron beam induced deposition.
A precursor gas is delivered to the substrate through a gas injection system. The gas molecules diffuse and adsorb to the surface and are dissociated under e-beam irradiation. The deposit forms from non-volatile
products while the volatile byproducts pumped away. . . . . . . . . . . .

1.6

10

Liquid phase focused electron beam induced deposition on a bulk substrate. (a) solid precursor placed ex-situ on a substrate. (b) in-situ hydration of the solid precursor. (c) the electron beam stimulates reactions
at the liquid-solid interface leading to deposition (d) [3] Reproduced with
permission. All rights reserved. 2014 Cambridge University Press©

1.7

. . .

Liquid phase focused electron beam induced deposition using liquid injection system (LIS) and subsequent patterning. . . . . . . . . . . . . . . .

1.8

12
14

Illustration of e-beam induced deposition from water containing dissolved
metal salts using nanoelectrospray. The bias of the electrospray influences deposit morphology. A positively biased capillary results in granular
deposit while negatively biased one promotes crystalline deposits at the
liquid-vacuum interface. [4] All rights reserved. Reused with permission
from ref.61, 2018 Elsevier©

. . . . . . . . . . . . . . . . . . . . . . . . .

viii

14

1.9

Schematic of GA-FEBIE. (a) A precursor gas molecule is delivered to
the substrate through a gas injection system. (b) Surface-adsorbed gas
molecules dissociate and react with the substrate under e-beam radiation. (c) Formation and desorption of volatile products that are partially
composed of the substrate material. . . . . . . . . . . . . . . . . . . . . .

15

1.10 (a) Schematic of liquid phase electron beam induced etching of silicon
nitride using KOH in a closed liquid cell. The solution is isolated from
the vacuum system by a 100-nm thick Six Ny membrane window and the
e-beam is focused at the membrane-solution interface to induced etching.
Tilted electron micrograph images of holes etched into the silicon nitride
membrane with a (b) 300 nm lateral resolution and (c) 100 nm pitch size
and a dose of 2 nC/dot. (d) Measured etch depth of 1µ m2 vs. e-beam
dose. (e) AFM topography image of the silicon nitride membrane after
etching. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

16

2.1

Some of the main signals generated from electron-matter interactions. . .

19

2.2

Schematic representation of electron scattering upon collision with an
atomic nucleus. (a) Generation of BSE due to elastic interaction caused
by Coulomb attraction between PE and the nucleus which the PE trajectory changes but its velocity and kinetic energy remain essentially the
same.(b,c) Electron excitation to a higher energy level due to energy transfer from PEs through inelastic interaction. SEs are produced when an
orbital electron gains a sufficient amount of energy and ejected from the
atom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.3

20

Rutherford and Mott total scattering cross-sections, σt , of water vapor as
a function of electron energy. . . . . . . . . . . . . . . . . . . . . . . . .

27

2.4

Electron stopping power in liquid water vs. electron beam energy . . . .

28

2.5

Simulation of electron fraction vs. electron beam energy reaching an area
of 3.142 m2 after travailing 10 mm in 733.273 Pa (5.5 torrs) water vapor.
Egerton scattering cross-section accounts for both the elastic and inelastic
cross-section, while Rutherford and Mott calculate only the elastic crosssection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ix

30

3.1

(a) Illustration of liquid phase focused electron beam induced process in
which the electron-beam drives reactions near a liquid-solid interface (b)
Optical imaging system installed in the ESEM chamber that utilizes interferometry to visualize and measure the thickness of liquid films. The
labels 1, 2, and 3 indicate the optical system, electron final lens, and
cooling stage respectively. (c) Interferogram of 5M H2 SO4 (aq) droplet
using 660 nm wavelength light. The interference fringe pattern is used to
estimate liquid film thickness vs. position. . . . . . . . . . . . . . . . . .

3.2

32

Custom imaging system that utilizes optical interferometry (λ = 660nm)
to visualize and measure thin liquid films in an environmental SEM. (a)
Vacuum side optics. (b) Air sied optics. . . . . . . . . . . . . . . . . . .

3.3

35

Schematic of copper etching process using liquid phase FEBIE with controlled liquid thickness. (a) Measuring liquid thickness interferometrically
and imaging droplet topography. (b) Exposing the sample to the electron
beam to perform etching. (c) Enlarged view of the sample with the microdroplet of reactant. (d) A cross sectional view of an etched feature after
exposure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.4

36

(a) Tilted SEM micrograph, 50°, of features etched into a µ m thick electrodeposited Cu film using 5M H2 SO4 at 30 keV for 180 s with 0.14, 0.44,
and 1.49 nA (labeled) beam currents. The circles at the right were etched
at 240 nm liquid thickness while the circles at left were etched at 480
nm. (b) EDX spectra of etched feature and µ m Cu on Si demonstrating
complete removal of Cu in the etched area (gray signal) compared to the
unetched area (red signal). (c) Cross sections of the etched circles in (a)
etched with 0.442 nA beam current at 240 nm and 480 nm liquid thickness, labeled, clearly show the complete removal of Cu without damaging
the underlying layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.5

37

(a) Ex-situ micrograph of circles etched into a 1 m thick electroplated Cu
film with increasing doses in C/cm2 and two liquid thicknesses. 480 nm
(top row) and 240 nm (bottom row). (b) Measured diameter of etched
circles vs. electron beam dose from (a) using 240 and 480 nm thick liquid. 39

x

3.6

Schematic of the simulation steps of LP-FEBIE of copper showing the role
of each simulation code. (a) Illustration of the electron Monte Carlo simulation in JMONSEL showing primary (PE), secondary (SE), and backscattered (BSE) electrons. (b) Example plot of average energy deposited vs.
position in the liquid reactant. (c) An example plot of an etchant species,
S2 O82 – , concentration vs. position during the Cu etch. The deformed
boundary of the liquid-copper interface from etching is also shown. . . .

3.7

40

Validation of Monte Carlo simulations. (a) Comparison of simulated SE
yield from copper with the data of Ding et. al. (b) Comparison of simulated SE from water with measured secondary electron yield from water, [5], ice [6] and adsorbed water on copper. [7] The plot of experimental
data in (b) was adapted from reference 8. The 30 keV primary electron
energy used in the experiments described here is marked with a vertical
arrow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.8

Hybrid simulation showing HSO4 (a) and SO4 (b) and S2 O8
–

–

2–

43

(c) con-

centrations when the solution is irradiated at 30 keV, 0.442nA, and 730 nm
liquid thickness. The image represents a cross-section of an axially symmetric simulation. S2 O82 – is the primary copper etchant. The plots were
generated at a time point of a 180 second. . . . . . . . . . . . . . . . . .
3.9

48

Tilted view of an SEM micrograph of 120 s spot scan etched into 1 m
electroplated Cu at 30 keV and 0.44 nA showing redeposited material. . .

49

3.10 Hybrid simulation showing the time evolution of the Cu etching process
and the concentration of S2 O82 – when the solution is irradiated with 30
keV electrons, a 1 nA beam current, and 730 nm liquid thickness. Inset
labels indicate the time point of each plot. The outer portion of the
simulation domain (from 4 to 8 m radius) is not shown to better resolve
the concentrations and etched features. . . . . . . . . . . . . . . . . . . .

50

3.11 Experimental and simulated data for copper etch rate as a function of
beam current and liquid thickness. The experimental and simulated results agree quantitatively at all but the largest currents and liquid thicknesses. Data from over 170 etched features is included and no fitting
parameters were employed to match simulated and experimental results.

xi

52

4.1

(a) Schematic of liquid-phase focused electron-beam induced etching of
nickel. Electron radiolysis of sulfuric acid yields oxidizing radicals that
react at the nickel surface to produce a soluble product resulting in material removal. The process is conducted in an environmental SEM with a
low-pressure, water-vapor ambient. Inset: plan view of circle etched into
a 170-nm thick nickel film. (b) Tilt view of circles etched in a nickel film.
(c) Cross-sectional geometry of the etched structure. (d) Nested-L and
(e) square patterns demonstrate the etching of arbitrary geometries . . .

4.2

58

Liquid-phase electron-beam induced etching of nickel using nanocubes for
in-situ liquid thickness measurement. (a) Array of nanocubes, printed
with two-photon lithography, having heights from 400 to 5000 nm from
right to left. Inset: Cubes with edge lengths of 400, 700, and 1000 nm.
(b) The initial state of liquid droplets on top of the nanocubes on the
substrate. (c) In-situ liquid film thickness estimation after stabilization
via evaporation and condensation. The liquid thickness at the etch location is approximately 400 nm. Etched patterns (labeled) are faintly
visible through the thin liquid near the droplet edge. (d) Ex-situ image of
a 2 × 2 array of circles etched into 170-nm thick Ni film using single-pixel
exposure with a total dose of 6 nC and ∼ 1µ m pitch. . . . . . . . . . . .

4.3

63

Energy dispersive x-ray spectra of features etched into a 170-nm thick Ni
film on a silicon substrate confirming removal of Ni in the etched area
(shaded region) compared to the unetched area (blue line). . . . . . . . .

4.4

65

(a)Ex-situ image of single dots etched into a 170-nm thick Ni film with
increasing dose from 4 to 28 nC with an increment of 4 nC (left to right).
The first dot has a dose of 2 nC. (b) The measured diameter of etched dots
vs. dose shows a rapid initial increase in diameter followed by saturation
at high doses. (c) The volume of the etched dots grows linearly and
saturates as well. In the linear regime the etch efficiency is 0.017 (95% CI
0.014 0.027) atoms per primary electron. . . . . . . . . . . . . . . . . . .

4.5

66

Ex-situ micrographs of single-pixel dots etched into a 170-nm thick Ni film
using a total dose of 20 nC with variable refresh time (labeled). (a,c) top
view and (b,d) tilted view (40°) of etched dots. There is no statistically
significant effect of refresh time on etched feature size. . . . . . . . . . .

xii

71

4.6

(a)SEM micrograph of dots exposed with increasing dose from left to
right starting with 2 nC, then 4 up to 28 nC with increments of 4 nC.
(b) measured diameter of etched dots vs. electron beam dose with and
without the non-ionic surfactant compound (Tween 80). The surfactant
clearly suppresses etching and dramatically reduces the terminal diameter.
(c) Etched volume vs. dose with and without surfactant. In the linear
region the surfactant reduces etch efficiency by a factor of 4. . . . . . . .

4.7

72

Sequential in-situ micrographs depicting the use of the LIS to dispense
aqueous sulfuric acid for localized Ni etching. (a) No liquid is flowing
while positioning the LIS. (b) Liquid starts to flow upon LIS contact with
the substrate. (c) The liquid begins to spread on the Ni surface and the
LIS is lifted. The etching process begins once the droplet stabilizes with
a concentration of ≈ 1 M. (d) In-situ post patterning image. (e) Ex-situ
image of the etched dots. (f) Enlarged image from (e). . . . . . . . . . .

5.1

Optical micrograph of the sensing system with the optical fiber alignment
structures visible . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.2

73

75

(a) Schematic of the microfluidic well and spectral sensing optical system with an optical micrograph (inset, lower right) of a 3D printed liquid
reservoir. A microprinted liquid reservoir constrains the liquid for in-situ
micro analysis. Selective condensation in the printed liquid reservoir is
stimulated due to the difference in surface energy and temperature between the aqueous solution the reservoir and the substrate material. (b)
Electron micrograph of the 3D printed optical system in which the liquid
reservoir filled with hydrated precursor compared to the anhydrous solid
precursor (inset, top right). . . . . . . . . . . . . . . . . . . . . . . . . .

5.3

76

Electron micrograph image of a commercial liquid cells (QuantomiX WetSEM ) polyimide electron transparent membranes. The Fricke dosimeter
solution is contained within the closed capsule and accessible to the electron beam through the membrane windows. . . . . . . . . . . . . . . . .

5.4

77

UV absorption spectrum of Fricke dosimeter solution after focused irradiation in the SEM. The peaks at 224 and 303 nm indicate the presence of
ferric ions and confirm the radiolytic generation of oxidizing species. . . .

xiii

77

5.5

Schematic representation of variable-pressure electron-beam lithography
(VP-EBL). An amorphous fluoropolymer, Teflon AF, is irradatted by the
electron beam with a subatmospheric-pressure gas, water vapor, in the
chamber. The water vapor not only dissipates charge, but also dramatically alters the chemistry of the resist exposure process. . . . . . . . . . .

5.6

79

Sequential micrographs of copper nanowire patterning procedure. (a) The
initial four-point probe structures on a silicon sample. (b) Positioning the
liquid injection system above probe leads. Note that no liquid is flowing
during positioning step. (c) Liquid injection and spreading upon contact
with the surface of the sample. (d) A stabilized liquid film covers probe
leads. Prior to deposition, a single pixel e-beam exposure is performed to
ensure good patterning conditions. (e) A copper nanowire deposited from
an aqueous solution of CuSO4(aq) and H2 SO4 across a four-point probe
structure. (f) The physical dimensions of the deposited Cu nanowire. . .

5.7

81

A hybrid achromatic metalens (HAML) combines a phase plate with a
metalens to simultaneously correct chromatic aberration and improve focusing efficiency. (a,b,c) Electron micrographs of HAMLs fabricated with
two-photon lithography on fused silica substrates. From left to right, aperture values are 20, 40, 80 m. (d) Enlarged image of the 20 m diameter, 0.27
NA lens showing the phase plat and the nano pillars of the HAML. (e)
Schematic representation of a HAML illustrating broad-band focusing. (fg) Broadband, near infrared imaging with a HAML of diameter=300 µ m,
NA=0.02, and optical bandwidth of 700 nm (1000 to 1700 nm). (h) Image
of standard 1951 USAF target. The maximum spatial frequency resolved
by the metalens is 40.3 line pairs/mm. . . . . . . . . . . . . . . . . . . .

xiv

83

Chapter 1
Introduction
In the last decade, there have been significant achievements in material manipulation
and processing at the nanoscale level. Direct write materials processing usually uses
beams of charged particles such as focused ion beam (FIB) and focused electron beam
(FEB). These techniques are capable of producing arbitrary patterns with direct insitu inspection. However there are limitations in materials compatibility, throughput,
toxicity, and substrate damage. For example, FIB suffers from material redeposition,
ion implantation, bubble formation, reduced resolution, intermixing, and damaging of
subsurface layers. Likewise, e-beam induced processes with gas precursors suffer from
a lack of precursors that yield pure materials for deposition or volatile byproducts for
etching. This limits the range of accessible materials. As a result, there is a need to
develop new techniques to address many of these challenges.
Liquid, rather than gas, phase focused electron beam induced processing (LPFEBIP) may overcome many of these drawbacks. These include providing access to
materials with no known gas-phase precursors, higher throughput, less toxic reactants and products, increased stability, lower cost, and charge dissipation when using
insulating substrates.
This dissertation contributes to the areas of electron beam lithography and radiation induced chemical processes. Specifically, it introduces a new process based
on focused electron beam induced etching in bulk liquids to address current manufacturing and industrial issues. It provides deeper understanding of the physical
and chemical factors governing LP-FEBIP. Furthermore, it establishes a foundation
of process and material knowledge that can be applied to micro/nanomanufacturing applications such as integrated circuit debugging, lithographic mask and imprint
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template repair. The main objectives of this dissertation are to:
1. understand etching mechanisms of copper by providing a comprehensive investigation of liquid-phase focused electron beam induced etching (LP-FEBIE)
involving liquid thickness and electron beam current,
2. understand the radiation chemistry of LP-FEBIE,
3. develop a predictive model for LP-FEBIE of copper as a function of process
parameter using a hybrid Monte Carlo-continuum model,
4. implement an in-situ optical imaging system for direct thickness measurement
and visualization of the liquid film topology,
5. introduce methods and strategies for selective nickel patterning using focused
electron beam and aqueous solutions,
6. investigate the nickel etching process parameters such as dose, refresh time, and
addition of a surfactant, and
7. implement nanocubes for in-situ liquid thickness measurements using two photon lithography.
This chapter serves three purposes: (1) Highlight the development of scanning
electron microscopy systems suitable for FEBIP, (2) describe the various parameters
that are important for the direct fabrication process, and (3) review the literature
regarding nanofabrication using focused electron beam induced etching and deposition. We will focus on the direct processing of functional materials, in which resist is
not used to transfer patterns, rather than lithography.
1.1

The beginnings of scanning electron microscopy

One of the most effective tools for analysing the morphology and the chemical composition of micro and nano structures is the scanning electron microscope (SEM). The
SEM can also be used as a direct nanofabrication tool to deposit and etch a variety
of materials due to its ability to alter materials at the electron beam impact point.
Scanning electron microscopes started to breakthrough industrially in the midnineteen sixties. This was 30 years after the initial development and research. Stintzing, a German scientist, was the first who proposed the idea of using an electron beam
in a scanning apparatus, but he did not attempt to construct the instrument [9, 10]
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Knoll, the co-inventor of the transmitted electron microscope with Ruska, was
the first to publish an electron scanned image (figure 1.1) of a solid surface with a
resolution of 0.1-1mm. [11–13] Later in 1938, Von Ardenne demonstrated the principles of SEM and investigated the underlying theories and the factors that governing
the focused electron beam. He explained the formation and the deflection of the electron probe. Von Ardenne proposed methods to amplify the very small signal current,
which was one of the main limiting factors of the SEM at that time. He also proposed
methods to collect bright, dark and surface images and detector for SEM. Moreover,
V. Ardenne aimed to construct scanning transition electron microscopy (STEM) for
a high resolution images from thin samples. However, the lack of suitable electron
detectors was the main limitation for his microscope. [13–16]
In 1942, Zworykin and his team at the Radio Corporation of America, RCA, research laboratories developed a higher current SEM by using a field emission gun.
[13, 16, 17] He used a phosphor electron detector coupled to a photo-multiplier. However, direct view images were hard to get. Later in 1948, Oatley and his student,
D. McMullan, made an impotent contribution to the development of SEMs. They
improved the optics, and the signal collection by utilizing an electron multiplier as
the detector [10, 18, 19]. They also used a higher electron beam energy, 15-20 KeV,
rather than the 800 eV used by Zworykin. This lead to a 10-nm resolution instrument
by the 1960s.
1.2

Scanning Electron Microscopy

Electron and ion beams use accelerated charged particles and can have a diameter of
few nm with the ability to manipulate individual atoms. They have commonalities in
the apparatus they use, and how they are generated and utilized. They incorporate
high-resolution imaging with a large depth of field since the wavelength can be five
orders of magnitude shorter than that of visible light sources used in light microscopy.
Furthermore, electron interaction with matter in the samples generates various signals containing information such as surface topography and composition at the microscopic and nanoscopic levels. Electron beam systems are approximately classified
into three categories: scanning electron microscopy (SEM), electron beam lithography (EBL), and transmission electron microscopes (TEM). The work described here
utilises SEM in environmental mode for direct-write nanofabrication.
Fundamentally, a point source of the charged particles is generated in the column
and accelerated to some energy. The energetic particles are focused and manipu3

Figure 1.1: The first scanning electron microscopy image of silicon iron from secondary electrons. [1] Reproduced with permission. All rights reserved. John Wiley
and Sons©
lated via magnetic lenses, apertures, deflectors, and blankers to form a small focused
electron spot on the sample. The column is the part that contains electron and ion
source, gun, and all the manipulation equipment. The entire column has to be under
a high vacuum to avoid contamination of the gun and allow the charged particles to
travel to the sample chamber without scattering by air molecules or any other particles. The sample is fixed on a stage in the chamber area. The chamber can operate
in three modes: high vacuum, low vacuum, and environmental mode. A schematic
representation of a focused electron microscope is shown in figure 1.2.
High vacuum, typically from 10−5 to 10−7 Torr, is required for a high-performance
electron microscopy. Hence, specimens must be vacuum compatible. Hence, every-
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Figure 1.2: Schematic representation of the basic scanning electron microscopy components.
thing going into the SEM must be completely dry and free of any organic contaminants that may potentially outgas and contaminate the chamber in a high vacuum
mode. Meaning no wet specimens can be used in an high vacuum SEM since it will
compromise the vacuum environment and may contaminate the electron gun. However, most cells and tissues contain nearly 80% water along with complex organic
5

macromolecules such as proteins, carbohydrates, and lipids. This poses problems in
interpreting SEM images due to the change in the structural or chemical nature of
the specimen and constraints of studying specimens in their native environments. Of
course, non-conductive samples are also incompatible with a high vacuum environment since they undergo a charging effect creating distorted electrical fields leading
to a distorted image. Hence all non-conductive samples have to be coated with a conductive thin film such as gold to reduce the charging effect. Another consequence of a
high vacuum environment is that studying direct, real-time reactions involving even
slightly volatile liquids is not possible. Therefore new methods have been developed
to overcome the limits of conventional SEM by using low vacuum and environmental
SEM.
Alternatively, researchers conducted studies using sealed liquid containers with
electron transparent windows for transmitted electron microscopy (TEM) [20]. Others were developing deferential pumps and cold stages for wet samples. [21] In 1975,
Robinson demonstrated stable imaging of water with 100µ m pressure limiting apertures (PLA) to separate the vacuum at the electron source from the sample chamber
at higher pressure. [22] The liquid was maintained by cooling the chamber and surrounding the sample with water vapor. The maximum water vapor pressure achieved
was 5 Torr. Robinson also demonstrated charge-free imaging of insulators in SEM
with water vapor ambient at pressures less than 0.15 torr using a backscattered electron detector (BSED). [2] The backscattered electrons have energies comparable to
the energies of the primary electrons making them less affected by the local electrostatic fields generated by the charge build-up on the surface of the substrate. The
water vapor reduced the charging effect and enhanced sample conductivity (figure
1.3). It was believed that a residual thin film of water reduced the surface resistivity.
However, charge-free images were obtained when imaging with gases other than water
vapor. Moncrieff et al. suggested that the observed charge neutralization is due to
the ionization of gas by electrons with initial energy higher than the ionization energy. Collisions between the primary electrons and the gas molecules in the specimen
chamber result in removing electrons from the gas molecules and producing positive
stable ions. Hence the positive gas ions near the surface of the sample are attracted
to the negatively charged sample and neutralize the surface. [23, 24]
The environmental scanning electron microscope (ESEM) was developed in the
nineteen eighties. Although it might seem expensive to modify a standard SEM
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Figure 1.3: SEM backscattered electron image of poplar wood at 15 keV and 0.08
nA. (a) Image obtained when the sample is surrounded by water vapor with pressure
≈ 0.075 Torr. The image is free of charging artificats. (b) Image when an insufficient
amount of water vapor, ≈ 7.5 ∗ 10−5 Torr, is used. The scale bar represents 20µ m. [2]
Reproduced with permission. All rights reserved. IOP publishing©
to perform as an ESEM, a microscope with a dual purpose (ESEM/SEM) designed
from the beginning can work quite well either way. It retains all the advantages
of conventional SEM with the ability to varying the sample environment through a
range of gas compositions, pressures, and temperatures. The ESEM eliminated most
of the sample preparation and enabled previously impossible applications. One can
perform dynamic experiments in the wet mode using heating/cooling stages.
The electron beam has not only been used as an imaging tool but also as a
fabrication tool. Features are either defined directly by the beam using a technique
known as focused electron beam induced processing (FEBIP), or they are transferred
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using an electron sensitive material as in e-beam lithograph (EBL). For EBL, the
electron beam energy usually is in the 10-125 keV range, and the minimum beam
diameter is 1-2 nm. For FEBIP in SEM, the electron beam energy is in the 1-30 keV
range, and the minimum beam diameter can be less than 1 nm.
1.3

Resist-Based Electron beam lithography (EBL)

EBL is a well established multi-step technique for fabricating fine patterns. In EBL,
a pattern is obtained by scanning an electron beam across a surface spin-coated with
an electron sensitive material, known as a resist, drawing custom shapes by depositing energy in the resist film altering the molecular structure and the solubility of the
exposed resist. After exposure to the electron beam, the resist is immersed (developed) in a suitable solvent to selectively etch either the exposed or the non-exposed
area of the resist. Following the exposure and the development of the sample, patterns can be transferred by using two techniques. The first is a subtractive technique
that enables etching of the substrate material that is not masked by the resist (figure
1.4). The second is an additive technique, commonly referred to as lift-off, in which
the defined patterns on the substrate can be filled with a material of interest. Figure 1.4 schematically illustrates EBL fabrication steps including resist coating, beam
exposure, developing, and pattern transfer.
The spatial resolution of EBL could be as small as a few manometers due to
the short wavelength of 10-100 keV electrons. The resolution is mainly determined
by the beam spot size and the forwarded scattering of the primary electrons in the
resist. [25] The process benefits from decades of efforts dedicated to resist, dry etching,
and deposition equipment development. This resulted in expensive tools and clean
rooms for micro and nanofabrication. However, there is still a need for even smaller
features, sub 10 nm, that can be defined on both flat and nonflat substrates without
the additional steps after e-beam exposure. This need has driven the development of
one-step, direct-write, focused electron beam induced processing (FEBIP).
1.4
1.4.1

Focused Electron Beam induced process (FEBIP)
Gas Assisted-Focused Electron Beam Induced Deposition

Gas-assisted focused electron beam induced deposition (GA-FEBID) is a technique
in which patterns can be written directly on the surface of a substrate using electron beams and gaseous reactants to locally add materials. The process of electron
beam induced deposition (EBID) was first reported in 1935 by Stewart and observed
8

Figure 1.4: Schematic illustration of (a) the basic steps of the electron beam lithography process and (b) the two main pattern transfer methods.
later in many systems as an unavoidable artifact caused by electron bombardment
on the sample, where a dark brown to black carbonaceous deposit formed by the
charged particles in a pumped vacuum system. [26, 27] It has been concluded that
the contamination resulted from the interaction of the electrons with the organic
vapor, hydrocarbon molecules which are present in the vacuum system, and the subsequent deposition of carbon on the surface of the sample. Typically, the hydrocarbon
molecules originate from pump oils, vacuum grease, vacuum wax, and various rubber
gaskets. [26, 28] This observation influenced later researchers to use it as a technique
to deposit different materials.
In 1960 Christy reported the first intentional use of FEBID in which thin dielectric
films from silicone oil vapor formed under the irradiation of low energy electron
beam. [29] Christy also proposed a theoretical expression of films growth rates. Later,
Baker and Morris deposited large-area metallic thin films from organometallic vapor
by FEBID. [30]
Traditionally, material addition using focused ion beam (FIB) or focused electron
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beam (FEB) can be achieved using gas precursors. A gaseous precursor is delivered
locally to the substrate via gas injection systems. A needle is positioned near to
the surface of the substrate, and a precision gas valve controls gas flow. The gas
molecules are adsorbed on the surface. Then subsequent ion or electron beam driven
reactions lead to gas dissociation (Figure 1.5). Under the influence of the beam, the
gas molecules are dissociated, resulting in a non-volatile product (solid deposition)
and volatile byproducts, which subsequently are pumped away. Though faster, the
ion-based process can cause sample damage due to ion bombardment and implantation. [31–34] Ion implementation can also significantly alter the electrical, mechanical,
and optical properties of the sample. In contrast, an electron-based process causes
negligible damage to the sample. Figure 1.5 illustrates the deposition process using
gas precursors in which the gas is introduced to the system via a gas injection system.
The gas molecule adsorbs and diffuses into the surface of the substrate. Then, at the
beam impact point, electrons initiate the deposition process and form solid materials
and volatile byproducts.

Figure 1.5: An illustration of gas-assisted focused electron beam induced deposition.
A precursor gas is delivered to the substrate through a gas injection system. The gas
molecules diffuse and adsorb to the surface and are dissociated under e-beam irradiation. The deposit forms from non-volatile products while the volatile byproducts
pumped away.
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Modified SEMs [35] have been used for controlled deposition processes. Mainly,
the attachment of gas delivery systems allow vapor flow into the vacuum chamber.
The gaseous precursors are supplied from a source located outside the chamber. Altogether, the controlled exposure and blanking strategies resemble electron beam
lithography.
SEMs are capable of scanning simple geometrical patterns such as lines and rectangles. Pattern generators were integrated to SEMs to deposit more complex features. [36] Complex 3D suspended structures with overhangs and voids have been
demonstrated using FEBID. Additive patterning of many transition metals, oxides,
and few alloys have been deposited using gas-phase precursors. [37–40]
E-beam induced processing has been utilized in many applications due to its ability to be used on both flat and topographical surfaces and to deposit complex 3D
structures without masks or pre/post processes. For example, it has been used in
integrated circuits, mask repair, and fabrication of nanoscale electronic, magnetic,
and photonic devices. However, FEBID has several drawbacks such as low throughput, and the deposited materials have remarkably different properties than their bulk
counterparts. This is particularly problematic when depositing using organometallic
gaseous precursors. Typically, the deposit’s purity is less than 50 at.% since the metal
grains are embedded in an amorphous carbon matrix. [38]. This prevents the fabrication of functional materials. As a result, researchers focused on developing new
methods or gas mixtures to minimize carbon incorporation. [38, 41, 42] For example,
Roberts et al. overlapped an electron beam process with a photon beam, synchronized laser pulses, to reduce platinum carbon contents by 50%. [43] while Mackus
et al. combined EBID with atomic layer deposition for direct local deposition of Pt
nanostructures with impurity level as low as 5 at.%. [44] In contrast, LP-FEBIP is a
single step direct writing technique that yields high metal purity with no additional
steps. [3]
1.4.2

Liquid Phase Focused Electron Beam Induced Deposition

Exposing a liquid reactant, instead of a gas, to the electron beam promises to overcome many of the challenges associated with gas phase-FEBIP and offers several
potential advantages. [3, 45–51] These include providing access to materials with no
known/elusive gas-phase precursors, higher throughput, less toxic products, increased
stability, lower cost, and charge dissipation when using insulating substrates. Additionally, using soluble reactants instead gaseous metalorganic precursors enable de11

position of metallic structures with higher purity. [45] However, Most liquids are too
volatile to withstand a high vacuum environments for any process to occur. Therefore,
different techniques have been developed to enable using liquid precursors.
Much of the prior work in liquid phase-focused electron beam induced process (LPFEBIP) has been focused on using a sealed liquid cell with an electron transparent
membrane to deposit nanoparticles or more complex patterns. [46,47,52–59] However,
the necessity of utilizing a closed cell severely restricts the practical utility of this
technique. For example, one cannot work on complex samples such as integrated
circuits. Restricted substrate choices and membrane damage [47, 55, 60] also limit
one’s ability to study the process under the wide range of beam conditions critical to
understanding LP-FEBIP.
Recently, more practical techniques have been developed to allow direct processing
on bulk substrates by using thin liquid layers. The liquid can be introduced by insitu hydration (figure 1.6), [3, 45] injection from a capillary (figure 1.7), [3, 61] or
by nanoelectrospray (figure 1.8). [4, 51] Depending on the technique and reactants
the processes can be carried out in high vacuum or, in the case of this work, in a
variable-pressure environmental scanning electron microscope (ESEM).

Figure 1.6: Liquid phase focused electron beam induced deposition on a bulk substrate. (a) solid precursor placed ex-situ on a substrate. (b) in-situ hydration of the
solid precursor. (c) the electron beam stimulates reactions at the liquid-solid interface
leading to deposition (d) [3] Reproduced with permission. All rights reserved. 2014
Cambridge University Press©
1.4.3

Gas Assisted-Focused Electron-Beam-Induced Etching

One of the main challenges in the fabrication of micro and nanodevices is the ability
to selectively remove or etch materials as well depositing them. Conceptually, etching
induced by an electron beam is based on reactions between the substrate and the surface adsorbed molecules stimulated by the beam. The products of the gas-substrate
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interactions under the influence of the beam have to be volatile products that partially contain the substrate material. While ion beams can directly mill or physically
sputter materials along with etching in the presence of gas, physical sputtering due to
electrons is order of magnitudes smaller than that of an ion beam at the same energy
due to the mass differences. Electron beams need a precursor gas to chemically etch
materials.
Energetic electrons activate chemical reactions of gas species or enhance the gassurface reaction rates near or at the surface of the substrate. When dissociated by
the beam, the gas molecules have to contain species that will react and form volatile
species with the substrate materials. Regardless of the mechanisms, etching of solid
material in gas-phase can be described by the following steps:1) chemisorption or
physisorption of the gas species at the surface of the solid material; 2) electron-induced
dissociation of an adsorbed molecule; 3) product formation and the desorption of the
product molecule. Figure 1.9 illustrates the steps associated with the etching process
from gaseous precursors.
In 1979 Coburn and Winters reported electron and ion beam radiation-induced
etching using various gaseous precursors (XeF2 , F2 , and Cl2 ). [62] In this article, the
authors concluded that etching of SiO2 , Si3 N4 , and SiC can only occur in the presence
of both XeF2 and electron or ion bombardment. Since then, several materials have
been investigated by focused electron beam induced etching (FEBIE) such as silicon
nitride [63], graphene [64]; ALGaAs [65], tantalum [66], photoresist [67], and tungsten
[68]. Silicon [69–71] and silicon oxide [70] gained a significant interest since they
are linked directly to the semiconductor industry and device fabrication. Detailed
experimental studies where performed on Si and SiO2 etching with xenon difluoride
XeF2 . Si etches spontaneously by the active gas, XeF2 , and the etch rate is greatly
enhanced by beam interaction. However, SiO2 requires electron beam interaction.
Hence, scientists did fundamental etch studies investigating the effects of several
FEBIE process parameters on SiO2 with XeF2 such as beam energy, beam current,
beam scan rates, and etch rates. [72, 73]
Nevertheless, the lack of stable gas compounds that produce volatile etch products
is one of the main limiting factors of GA-FEBIE. For example, there have been no
single-step gas precursors for e-beam induced etching of copper. As a result, FIB is
the primary tool used for integrated circuit edit and debugging.
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Figure 1.7: Liquid phase focused electron beam induced deposition using liquid injection system (LIS) and subsequent patterning.

Figure 1.8: Illustration of e-beam induced deposition from water containing dissolved
metal salts using nanoelectrospray. The bias of the electrospray influences deposit
morphology. A positively biased capillary results in granular deposit while negatively
biased one promotes crystalline deposits at the liquid-vacuum interface. [4] All rights
reserved. Reused with permission from ref.61, 2018 Elsevier©
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Figure 1.9: Schematic of GA-FEBIE. (a) A precursor gas molecule is delivered to
the substrate through a gas injection system. (b) Surface-adsorbed gas molecules
dissociate and react with the substrate under e-beam radiation. (c) Formation and
desorption of volatile products that are partially composed of the substrate material.
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Figure 1.10: (a) Schematic of liquid phase electron beam induced etching of silicon
nitride using KOH in a closed liquid cell. The solution is isolated from the vacuum
system by a 100-nm thick Six Ny membrane window and the e-beam is focused at the
membrane-solution interface to induced etching. Tilted electron micrograph images
of holes etched into the silicon nitride membrane with a (b) 300 nm lateral resolution
and (c) 100 nm pitch size and a dose of 2 nC/dot. (d) Measured etch depth of 1µ m2
vs. e-beam dose. (e) AFM topography image of the silicon nitride membrane after
etching.
1.4.4

Liquid Phase Focused Electron Beam Induced Etching

The dependence on chemical systems that produce volatile reaction products prevents
etching of many technologically important materials. Electron-beam induced etching
of nanostructures in liquids is being intensely investigated to understand both the
mechanisms of nanoparticle growth and dissolution [59, 74–79] as well as the chemistry of the liquid environment during in-situ electron microscopy. [60, 80, 81] These
studies are typically conducted in sealed liquid cells in transmission electron microscopes. In contrast, LP-FEBIE is in its earliest stages and has been reported for
few materials. There are three basic approaches for introducing liquids to vacuums:
16

1) closed systems, commonly refereed to as closed cell, 2) open systems (cell-less)
using environmental systems, and 3) liquid injection systems (LIS). In a closed liquid
system, thin membrane windows are used to seal a liquid for placement in a vacuum.
Typically, thin windows are made of electron transparent materials such as graphene
or silicon nitride.
The earliest work on electron beam induced etching in liquid was in regard to
silicon nitride membrane etching in a liquid cell. Donev et al. reported the etching
of a silicon nitride membrane in a closed liquid cell containing 1 wt% KOH (Figure
1.10). This original work focused on the effect of dose on the etch depth in which
the etch depth showed a linear dependence with the areal dose. Donev at al. also
reported an improved removal efficiency up to 8 times when compared to the gas phase
process. [50] Additional controlled silicon nitride etch experiments using same e-beam
parameters but different liquid reactants, potassium chloride, showed no observable
etching of silicon nitride membrane. The result suggested that etch mechanism can be
described as a two step process: a silicon nitride oxidation step followed by dissolution
in KOH.
Additionally, LP-FEBIE of copper thin films has been demonstrated in environmental SEMs (open system) as a practical approach to pattern directly on bulk substrates. [82] Unlike ion beam based process, LP-FEBIE of copper showed an excellent
etch selectivity to the underlying layers. Although these early publications suggested
new possibilities, no work focuses exclusively on the underlying chemical and physical
mechanisms of liquid phase e-beam induced etching. Thus, detailed analyses of the
process will significantly impact its practical application and improve resolution and
throughput.
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Chapter 2
Principles and Physics of Electron
Matter Interactions
The behavior and characteristics of electrons are critical to electron-beam induced
materials processing. In this chapter, the particle electron scattering model is presented, and electron kinetic energy exploited to relate pressure, mean free path, and
working distance to electron scattering events. Radiation induced chemical reactions
in aqueous solution and electron interaction with solids are discussed. These are of
central importance to an understanding of how electrons behave and interact with
the different phases of matter.
2.1

Electron Scattering

Electron-induced, chemically assisted material processing results from chemical reactions initiated by electrons impinging on a substrate. These reactions involve precursors delivered to the vacuum environment and the subsequent electron scattering
and electron-induced dissociation of the precursor species leading to deposition or
etching.
Many of the basic principles apply to both high vacuum SEM (HV-SEM) and environmental SEM (ESEM), sometimes refer to as variable pressure SEM(VP-SEM).
Primary electrons (PEs) are generated in a high vacuum column from different sources
and accelerated by an electrical potential to a certain voltage. The velocity at which
PEs travel down the column is determined by the accelerating voltage, which is usually variable. In a high vacuum environment, PEs travel mostly without scattering.
Scattering is the slowing down (continuous loss of energy) and the deviation of the
PEs from their original trajectory due to interactions with matter (solids, liquids,
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and gases). When PEs hit a sample surface, a volumetric interaction between the
primary electrons and matter occurs. This interaction causes a wide range of signal
emissions and both photons and charged particles are generated. Figure 2.1 demonstrates schematically some of the typical signals generated by the PEs. The size
and the shape of the interaction volume vary as a function of the PE’s energy, the
atomic number, surface tilt, and the density of the material. The penetration depth
of the incident e-beam and the size of the interaction volume are proportional to the
electron energy and inversely proportional to the atomic number [83].

Figure 2.1: Some of the main signals generated from electron-matter interactions.
A primary electron randomly scatters until either it loses all of its kinetic energy
and becomes thermalized, reaches the sample boundary and is emitted as a backscattered electron (BSE), or transmits through the sample when using a thin sample.
However, before an electron is thermalized, it undergoes two types of scattering:
Elastic and inelastic.
Electron scattering events may occur not at all (electron passes straight through),
once (single scattering), several times (plural scattering), or scatter many times (multiple scattering). Assuming a classical (particle) scattering model, the probability
19

that an electron will collide with and scatter off a particle is proportional to a quantity known as the total scattering cross-section (σT ). The cross-section is a characteristic area around a particle. It is a measure of probability that an electron will be
scattered during a collision with atomic nucleus.(σT ) is a function of electron energy,
density, atomic number and atomic weight.
Another significant quantity is the mean free path (MFP) of an electron (λ ). It
is the average distance that an electron travels between collisions with particles. [24]
Generally, the MFP is inversely proportional to the scattering cross-section. So, as
the scattering cross-section increases, the MFP of electrons decreases, leading to more
scattering events.

Figure 2.2: Schematic representation of electron scattering upon collision with an
atomic nucleus. (a) Generation of BSE due to elastic interaction caused by Coulomb
attraction between PE and the nucleus which the PE trajectory changes but its
velocity and kinetic energy remain essentially the same.(b,c) Electron excitation to
a higher energy level due to energy transfer from PEs through inelastic interaction.
SEs are produced when an orbital electron gains a sufficient amount of energy and
ejected from the atom.
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2.1.1

Elastic Scattering

In a particle model, the elastic collision of a primary electron with an atom occurs
when the electron approaches the atomic nuclei. Upon interaction with the nuclei,
the electron deflects by large scattering angles due to the electron interaction with
the electrostatic field of the nuclei that is partially screened by orbital electrons.
However, the electron kinetic energy and velocity remain essentially constant due to
the significant differences between the mass of the electron and nucleus. In this case,
only a negligible amount of energy is transferred to the nucleus of the atom. If the
deflection angle is ≈ zero, then the electron is said to be forward scattered and may
emerge from the sample at the opposite surface that it entered (when a thin sample is
used). Furthermore, if the deflection angle of the primary electron is greater than 90°,
then the electron is said to be backscattered and known as backscattered electrons
(BSE) and my leave the sample at the same surface that it entered (figure 2.2 a).
The earliest elastic scattering model was proposed by Rutherford to account for
scattering of α -particles through a thin gold foil. [84] The observations from the α
scattering experiments were that most of the α particles passed through the foil without deflection, a few particles deflected through small angles, and very few particles
were deflected back. However, the Rutherford model overestimates the elastic scattering in that the scattering cross-section goes to infinity if small-angle scattering
is included. Rutherford’s model also does not give an accurate estimation of the
cross-section for heavy elements and low energy PE.
A more accurate estimation of the electron scattering cross-section was developed
by Nevill Francis Mott and known as Mott cross-section. In principle, Mott’s and
Rutherford’s elastic cross-sections are similar but Mott’s exhibit higher accuracy,because electrons were used instead of α -particles and the effect of electron spin was
included. [85]
The elastic cross-section σe , in (cm2 ), is proportional to the square of the atomic
number and inversely proportional to the square of the primary electron beam energy.
At a given scattering angle, σe and the elastic mean free path, λe , can be determined
from:

σe = 1.62 × 10−20
λe =

Z2
φ0
cot( )
2
E
2

A
N0 ρσe
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(2.1)
(2.2)

where φ0 = scattering angle (radians), E0 = initial primary electron energy (keV),
Z = Atomic number, A = atomic weight (g cm−3 ), N0 = Avogadro’s number, and ρ
= density (g mol−1 )
2.1.2

Inelastic Scattering

Inelastic interactions occur between an incident primary electron and the atomic
electrons (inner and outer-shell) surrounding the nucleus. In this case, electrons lose
part of their energy to the orbital electrons and are slowed down by some quantized
amount of energy as they pass through the sample (figure 2.2 b and c). However, the
change in the PE’s trajectory is very small(0.1° or less). This interaction changes the
atom’s internal states and produces different signals (such as X-ray and cathodoluminescence), and charged particles (such as Auger Secondary Electrons (SE)).
SEs are electrons ejected from the atoms due to inelastic interaction between the
PE and the orbital electrons of the atoms. SEs have low energies that are arbitrarily
defined to be < 50 eV. If secondary electrons are produced near the surface of the
sample, and their energies higher than the surface energy, since they must overcome
the work function of the sample, they can escape to the vacuum. [86] However, the
escape depth of the SE is very small, typically a few nanometers. The maximum
escape depth (T) dose not exceed 5λ . Where λ is the MFP of SE. Furthermore, the
escape probability (P) decreases exponentially with depth (z) (equation 2.3) since
they can only travel short distances due to their low energies. Primary electrons are
not the only source of SEs. BSEs also produce SEs as they traverse the sample. This
increases the spatial distribution of SEs because they can originate at some distance
away from the beam impact point.
z

P = e− λ

(2.3)

The continuous energy loss, or slowing down, of the incident electrons due to inelastic interactions is described by a parameter known as the stopping power (dE/ds).
It defines how much energy an electron loses per unit length (path), and its value
is determined by Bethe’s relationship (equation 2.4). However, Bethe’s analytical
expression has an inherent problem that it is not valid at low electron energies (less
than ∼ 10 keV). Joy and Luo wrote a modified expression of the Bethe equation
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(equation 2.5) to account for lower beam energies. [87]
dE
Zρ
1.116E
= −7.85 × 104 ( ) ln(
)
ds
AE
J

(2.4)

dE
Zρ
1.116(E + kJ)
= −7.85 × 104 ( ) ln(
)
(2.5)
ds
AE
J
Where: E=instantaneous electron energy (eV), s=path length travelled in the
sample (Å), ρ = density (g cm−3 ), Z=atomic number, A=atomic weight, and J=mean
ionization potential (eV). J is typically 11.5Z for Z ≤ 12 , K is a variable that is
material dependent.
2.2

Electron-Matter Interactions

2.2.1

ElectronVapor Interactions

Environmental scanning electron microscopy (ESEM) allows sample fabrication and
examination in a gaseous environment. After an electron beam enters the sample
chamber, it undergoes collisions and scattering with gas molecules. With each collision, the electron scatters through an angle and deviates away from its initial trajectory. This scattering eventually broadens the beam final spot size that hits the
sample surface. The number of collisions M per electron (equation 2.6 ) is proportional to the concentration of gas particles n and the distance traveled by the electron
before reaching the sample surface (working distance WD). Hence, the Pressure (P)
and the working distance are two of the main variables that impact beam shape and
spatial distribution of electrons at the beam impact point. For example, there are
≈ 1017 particles per a cubic meter in a standard SEM vacuum of 10−3 Pa (10−5 Torr);
whereas, there are more than 1023 particles per cubic meter in a ESEM vacuum with
p = 733.275 Pa (5.5) Torr (typical pressure values in LP-FEBIP) (equation 2.8).
M = σT × n ×W D

(2.6)

σT = σe + σin

(2.7)

n = 7.243 × 1022 P/T

(2.8)

where:

where: σT = total elastic and inelastic cross section, and T = temperate (K).
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The probability that an electron undergoes x collisions (P(x)) while crossing a
gaseous media (described by Poisson distribution) [88] and the electron mean free
path can be described by:

λe =

1
WD
=
σT n
M

(2.9)

M x e−(W D/λe )
(2.10)
x!
Hence, for a long path length, even one scattering event is enough to scatter an
P(x) =

electron ∼ 1 m away. Typically in a fixed experimental setup, the WD and n are
constant, so the probability is a function of the total scattering cross-section, which
is directly related to the MFP ( σ α
2.2.2

1
λ ).

Electron liquid Interactions

Electron irradiation of aqueous solutions yields various highly reactive radical species,
primarily from water radiolysis. The initial physical event is the transfer of a sufficient
amount of energy (≈7-100 eV) through inelastic interaction that results in ionization,
excitation, and dissociation of the liquid water molecules. The generated radical
species begin to diffuse and react with each other or with other molecules in the
media. As the PEs progress in water, a variety of reactions are possible in the track
of the charged particle [89], where • represent free radicals (unpaired electron) and *
represent an excited atom or molecule:

H2 O −−→ H2 O • + + e−
H2 O • + + e− −−→ H2 O∗

(2.11)
(2.12)

H2 O • + −−→ H+ + OH•

(2.13)

H2 O∗ −−→ H2 O + heat

(2.14)

H2 O∗ −−→ H • + OH•

(2.15)

H2 O • + + H2 O −−→ H3 O+ + OH•

(2.16)

H3 O+ e− −−→ H • + H2 O

(2.17)

H • + H• −−→ H2

(2.18)

Furthermore, PE and SE kinetic energy can be reduced to the thermal magnitude
and the electrons are trapped in a potential well formed by polarized water molecules.
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Subsequently, the thermalized electrons become hydrated, sometimes referred to as
aqueous electron or solvated electrons, in a time of the order of 10−11 second:

e− + H2 O −−→ ea q
−
HO • + + e−
a q −−→ OH

(2.19)
(2.20)

H+ + e−
a q −−→ H•

(2.21)

+
−
e−
a q + ea q + 2 H2 O −−→ H2 + 2 OH

(2.22)

+
−
e−
a q + H • H2 O −−→ H2 + OH

H3 O+ e− −−→ H • + H2 O

(2.23)
(2.24)

Within a time scale of ≈ 10−6 , most if not all of these reactive species have diffused
far enough such that further reactions are unlikely to happen. A species with a given
diffusion constant (D) will travel a small distance (λ ) in a time scale, τ :

λ2
(2.25)
6τ
An important aspect of the e-beam irradiation of aqueous solutions is the liquid
D=

thickness. The interaction volume, and how much of it is in the liquid where the
radicals are generated, depends on the liquid layer thickness. It also determines the
amount of energy deposited in the liquid. For example, if the liquid layer on the
sample is very thin (assuming no more than one or two MFPs at the incident PE
energy), then only a small amount of energy is deposited in the liquid, and fewer
radicals are produced.
2.3

The Monte Carlo Method

Electron scattering in materials is a complex multi-dimensional problem that is quite
difficult to solve analytically. Empirical relationships and simplified scattering models
were used to give a qualitative understanding of electron scattering and electron probe
microanalysis (emission of characteristic x-rays) as a function of beam energy. [90–92]
However, Monte Carlo (MC) methods, discussed below can be adjusted to diverse
geometric configurations.
MC calculations can be divided into two broad classes; those aimed to a general
understanding of the primary electron interaction with matter leading to x-ray generation, and those aimed to find a solution to a specific problem. The former class
is commonly used in microprobe analysis of a flat specimen. For complex sample
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geometries where there are special boundary conditions, such as interfaces between
two different materials, the latter is a much more exact approach for obtaining the
information of interest.
In principle, a large number of electron trajectories can be simulated rapidly
using MC method. Each incident electron will suffer several hundred elastic and
inelastic events before its kinetic energy drops below the ionization potential. Monte
Carlo simulation of electron trajectories can be used to study the distribution of
the PEs in-depth, energy deposition, electron energy loss distribution, SE generation
and emission in both bulk matter and solids. Therefore, understanding the simulation
parameters and the available scattering models should help in selecting the procedure
which is most appropriate for a given problem. Many researchers have implemented
MC simulation to predict electron trajectory and scattering in matter. [93–96] Each
of these is a high-quality Monte Carlo simulation.
In modeling electron-induced chemical reactions in aqueous solution, it is of great
importance to know the energy deposited vs. position for given material composition
and shape. JMONSEL, Java Monte Carlo Simulation of Secondary Electrons, developed by NIST, was used due to its capability to simulate electron interaction with
matter and track energy loss. To come to deeper understanding of our approach, it
is essential to understand the difference between electron scattering models.
The elastic scattering cross-section can be described by an analytical expression
known as the Rutherford elastic cross-section derived from the first Born approximation. However, when the energy of the PE is low, typically below 10 keV, or when the
atomic number of the target material is high, the Rutherford elastic cross-sections are
not very accurate. Alternatively, the Mott cross-section, which uses the Dirac equation, can be used to avoid the Born approximation and get a more precise estimate for
low incident energy and heavy elements. However, Rutherford and Mott scattering
cross-sections agree well at higher beam energies. Figure 2.3 shows Rutherford and
Mott total scattering cross as a function of e-beam energy.
Qualitatively speaking, the amount of deposited energy can easily be understood
in terms of competing processes by looking at two critical aspects: (1) The fraction
of electrons reaching the liquid reactant through the water vapor and (2) whether the
energy is deposited in the liquid or in the substrate. If we assume that the primary
electron energy does not change significantly when passing through the water vapor
and the liquid reactant, then the deposited energy in the liquid per unit thickness is
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Figure 2.3: Rutherford and Mott total scattering cross-sections, σt , of water vapor as
a function of electron energy.
approximately
Ed = N · F · S

(2.26)

where Ed is the deposited energy, N is the total number of incident electrons,
F is the fraction that reaches the liquid, and S is the stopping power of the liquid
(assumed constant). N is constant for a fixed e-beam current. F is an increasing
function of e-beam energy, and it depends on the mean free path of electrons in the
gas. S is a decreasing function of beam energy (figure 2.4). The stopping power curve
has a maximum at quite low energy (≈50 eV).
The stopping power (figure 2.4) from either Bethe’s formula or Joy’s (they only
diverge at much lower energy) is 2.3 eV/nm for 10 keV and 0.97 eV /nm for 30 keV.
This means the 10 keV electrons will deposit more than twice as much energy as the
30 keV electrons for a given path length, assuming they reach the liquid and hit the
same area.
As far as the fraction of electrons reaching a specific intended area, the F variable
depends on the probability that an electron suffers one or more scattering events that
might not deflect far from the intended area. This probability is related to the mean
free path (equation 2.10) for such scattering events, and the different models have
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Figure 2.4: Electron stopping power in liquid water vs. electron beam energy
a different mean free path. Figure 2.5 shows the fraction of electrons reaching an
area of 3.142 m2 after travailing 10 mm (WD) in 733 Pa (5.50 Torr) water vapor at
different beam energy.
However, figure 2.5 is a result of modeling different scattering events. The Egerton
atomic model includes what Rutherford and Mott are modeling since Egerton’s total scattering cross-section is the sum of σin + σe , whereas Rutherford and Mott are
modeling σe alone. Thus, the Egerton scattering cross-section is higher than Rutherford and Mott cross-sections since the probability of inelastic collision is a few times
larger than the probability of elastic collision. The elastic scattering is essential in the
gas phase. Elastic scattering makes more considerable deflections than the inelastic
scattering does, but at a 10 mm working distance considered in this work, even small
deflection is important.
In small-angle scattering, the inelastic events contribute significantly in determining the e-beam profile close to the beam axis, especially when the working distance is
 MFP of electrons. Therefore both the elastic and inelastic scattering cross-sections
should be included in Monte Carlo calculations. However, most of the theoretical inelastic cross-section values were derived based on several approximations, that may
not be reliable for modeling complex samples and different experimental setups
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Egerton proposed an atomic model for the gas scattering cross-section. [97] His
model is used by JMONSEL to drive electron scattering in the gas. Egerton’s model
accounts for electron inelastic scattering by using a ratio, n, that is proportional to
the atomic number. n is the ratio of σin /σe = C/Z. Where C is a constant and Z is
the atomic number. Egerton reported that the experimental value for C is 2.6 at 50
keV and 1.9 at 60 keV. [97] However, Egerton’s formula was validated only at energies
higher than 30 keV (typical energy value for ESEM) and electron path length < 10
mm. Hence, We calculated the n for H and O for 30 keV using a value of 17 for C from
NIST SRD 64 database [98] and we found that n = 3.2. Mansour et al.. [99] measured
a value of 2 for the elastic to the inelastic ratio for water vapor. NIST Monte Carlo
computes a scattering ratio six times higher than our calculated value. Therefore,
the gas scattering cross-section model in NIST Monte Carlo has been corrected then
used in our model. We simulated multiple values of n and compared it with our
experimental data. We found that there is a negligible difference between a value of
2 and a value of 3 at 30 keV. Further calculations of electron scattering probability
agreed well with a value of 2 for the scattering ratio. Hence, in our model we used a
scattering ratio of 2 for electron scattering in the gas.
The fraction of electrons reaching an area of 3.142 m2 at 10 and 30 keV from our
model is 13% and 40%, respectively. The deposited energy per electron per nm of
liquid should be roughly proportional to stopping power multiplied by the fraction
of electrons reaching the liquid. So, although low energy primary electrons have an
increased probability of losing energy in the liquid, fewer electrons stay in focus, unscattered, and reach the intended area in the liquid. Therefore, the energy transferred
to the liquid at 10 and 30 keV does not vary dramatically.
Primary electrons deposit energy along their track in the liquid and the substrate.
As the beam goes deeper into the liquid, it deflects and spreads out more. So, when
it comes to radical generation in the liquid, what is dramatically different is the
concentration of radicals near the beam axis. Radicals could be generated deep in
the liquid, but they are so spread out that they do not induce a measurable effect.
Concentrated radicals generated at the top might have a more significant effect on
a small area, whereas widely dispersed radicals might have a small effect on a large
area.
Copyright© Sarah K. Lami, 2020.
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Figure 2.5: Simulation of electron fraction vs. electron beam energy reaching an area
of 3.142 m2 after travailing 10 mm in 733.273 Pa (5.5 torrs) water vapor. Egerton
scattering cross-section accounts for both the elastic and inelastic cross-section, while
Rutherford and Mott calculate only the elastic cross-section.

30

Chapter 3
Liquid Phase Focused Electron
Beam Induced Etching of Copper
Well-controlled, focused electron-beam induced etching of copper thin films has been
successfully conducted on bulk substrates in an environmental scanning electron microscope by controlling liquid-film thickness with an in-situ correlative interferometry
system. Knowledge of the liquid-film thickness enables a hybrid Monte Carlo/continuum model of the radiation chemistry to accurately predict the copper etch rate
using only electron scattering cross-sections, radical yields, and reaction rates from
previous studies. Etch rates depended strongly on the thickness of the liquid film
and simulations confirmed that this was a result of increased oxidizing radical generation. Etch rates also depended strongly, but non-linearly, on electron beam current,
and simulations showed that this effect arises through the dose-rate dependence of
reactions of radical species.
3.1

Introduction

Electron-beam induced etching of nanostructures in liquids is being intensely investigated to understand both the mechanisms of nanoparticle growth and dissolution [59, 74–79] as well as the chemistry of the liquid environment during in-situ
electron microscopy. [60,80,81]. These studies are typically conducted in sealed liquid
cells in transmission electron microscopes. In contrast, electron-beam induced etching of functional materials on bulk substrates, or of fabricated nanostructures such as
integrated circuits, can be conducted in an environmental scanning electron microscope with the liquid exposed to the low-vacuum environment. This latter approach
offers an intriguing alternative to focused electron- and ion-beam induced etching in
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(a)

(b)

(c)

Figure 3.1: (a) Illustration of liquid phase focused electron beam induced process
in which the electron-beam drives reactions near a liquid-solid interface (b) Optical
imaging system installed in the ESEM chamber that utilizes interferometry to visualize and measure the thickness of liquid films. The labels 1, 2, and 3 indicate the
optical system, electron final lens, and cooling stage respectively. (c) Interferogram
of 5M H2 SO4 (aq) droplet using 660 nm wavelength light. The interference fringe
pattern is used to estimate liquid film thickness vs. position.
reactive gases, particularly when no volatile product is produced or when selectivity
to other materials is required. [82]
Gas-assisted focused electron and ion beam induced processes are the methods
of choice for nanoscale fabrication that requires site-specific deposition or etching of
functional materials. [100–102] Common applications include nanoscale rapid prototyping, electrical connection to chemically synthesized structures, semiconductor
mask repair, and integrated circuit editing and debugging. [33, 103, 104]. In concept,
focused electron beam induced processing (FEBIP) and focused ion beam induced
processing (FIBIP) are similar. A gaseous reactant is delivered to the substrate;
then subsequent ion or electron beam driven reactions lead to gas dissociation that
initiates the etching or deposition process. Though faster, the ion-based process
can cause sample damage due to ion bombardment and implantation. [31–34] Ion
implementations can also significantly alter the electrical, mechanical, and optical
properties of the sample. In contrast, an electron-based process causes negligible
damage to the sample. This advantage has garnered the process considerable attention from researchers, and several different metals have been deposited including
gold, [52, 105, 106] palladium, [107–110] tungsten, [111] copper, [112, 113] silver, [114]
and platinum [47, 109–111].
As structures continue to scale down across the semiconductor industry following
Moore0 s Law, [115,116] selective material removal has become challenging. Integrated
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circuits have a wide variety of materials densely packed across a small geometry such
as aluminum, copper, silicon dioxide, [117, 118] tungsten [119] and dielectric layers
of carbon doped oxide. [118, 120] As a result, significant efforts have been directed
to utilize FEBIE, FIB, and gas-assisted focused ion beam (GA-FIB) as tools for
selective etching of technologically important materials. All of these have become
vital tools, especially in circuit edit [34, 121] and failure analysis. Although these
approaches enjoy the benefit of significant previous research and development, they
are still limited by several factors. For FIB, these include copper grain orientation
dependent, bubble formation, redeposition, ion implantation, and most significantly
sample damage. [33, 34] For FEBIE the primary challenge is in the limited selection
of gaseous reactants that produce volatile by-products along with other precursor
limitations such as toxicity and stability. [121, 122]
Exposing a liquid reactant, instead of a gas, to the electron beam promises to
overcome many of the challenges associated with gas phase-FEBIP and offers several
potential advantages. [3, 45–51] These include providing access to materials with no
known/elusive gas-phase precursors, higher throughput, less toxic products, increased
stability, lower cost, and charge dissipation when using insulating substrates. Much
of the prior work in liquid phase-focused electron beam induced process (LP-FEBIP)
has been focused on using a sealed liquid cell with an electron transparent membrane
to deposit nanoparticles or more complex patterns [46, 47, 52–59]. Sealed cells have
also been used to study the oxidative etching of nanoparticles driven by the electron
beam. [59, 74, 78, 80, 81] Controlled etching of silicon nitride membranes [50, 53] and
the accelerated corrosion of copper [123] have also been observed in sealed cells.
However, the necessity of utilizing a closed cell severely restricts the practical
utility of this technique. For example, one cannot work on complex samples such as
integrated circuits. Restricted substrate choices and membrane damage [47, 55, 60]
also limit one’s ability to study the process under the wide range of beam conditions
critical to understanding LP-FEBIP. Recently, more practical techniques have been
developed to allow direct processing on bulk substrates by using thin liquid layers.
The liquid can be introduced by in-situ hydration, [3, 45] injection from a capillary,
[3, 61, 82] or by nanoelectrospray. [4, 51] Depending on the technique and reactants
the processes can be carried out in high vacuum or, in the case of this work, in a
variable-pressure environmental scanning electron microscope (ESEM) as shown in
Fig. 3.1.
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This approach enabled the deterministic electron-beam induced etching of various
copper films on silicon substrates utilizing aqueous sulfuric acid as the etchant. [82].
Sulfuric acid has considerable benefits as an e-beam induced copper etchant including
(1) no spontaneous etching at lower concentrations and temperatures, (2) low vapor
pressure, [124] (3) previous use in vacuum systems (Auger spectroscopy), [125] (3)
concentration control in a surrounding of water vapor, [126] (4) removal of native
copper oxide, and (5) production of soluble by-products for Cu etching process.
The challenges associated with etching copper for circuit edit using FIB, combined with the successful use of liquid reactants in LP-FEBIP, made it desirable to
investigate the process of LP-FEBIE of copper more in depth. Thus, the goals of
this work are to 1) provide a comprehensive investigation into the copper etching
process using LP-FEBIE involving liquid thickness and beam current; 2) develop a
predictive model for LP-FEBIE of copper; and 3) enhance understanding of the LPFEBIE radiation chemistry. After developing in-situ interferometry to measure liquid
thickness, we found that etch rate increases with both thickness and beam current.
However, the dependence is sublinear because of the complicated interplay of electron scattering with radical reactions and transport. We also found that a hybrid
Monte Carlo-continuum model can capture this complexity and successfully predict
the copper etch rate.
3.2

Results and Discussion

3.2.1

Focused Electron Beam Induced Etching with Controlled Liquid
Thickness

The thickness of the liquid film is critical for understanding and controlling the LPFEBIE process. Specifically, pattern accuracy and uniformity, repeatability, mass
transport, and electron scattering are all affected directly by liquid thickness. [3,
45, 49, 82] Moreover, the liquid thickness can be manipulated by changing sample
temperature and gas pressure in the chamber to alter the equilibrium volume and
control wetting of the substrate.
Previous efforts to determine liquid thickness in-situ include pre-deposition of
vertical pillars on a substrate to form a “nano ruler.” [51] Although effective, this
technique limits the range of thicknesses than can be measured and requires modification of the substrate. In addition, the presence of the pillars can alter wetting
of the liquid and reshape the meniscus. We also considered using energy dispersive
x-ray spectroscopy (EDX) to determine liquid thickness, but this technique requires
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Figure 3.2: Custom imaging system that utilizes optical interferometry (λ = 660nm)
to visualize and measure thin liquid films in an environmental SEM. (a) Vacuum side
optics. (b) Air sied optics.
repeatedly solving the inverse x-ray generation problem from a layered sample with
the added challenge of working in a water-vapor ambient.
The limitations of these techniques led us to design and implement an in-situ, optical imaging system (figuer 3.2) that allows direct measurement of the liquid thickness
and visualization of the liquid thin film topology. The system enables liquid-phase
FEBIE with controlled liquid thicknesses in an ESEM as shown in figures 3.1b and
3.1c. In contrast to previous work on integrated correlative light and electron microscopy (iCLEM) for imaging and spectroscopy, [127, 128] our system employees
interferometry to determine the thickness of a structure, in this case a microdroplet,
on a substrate.
An example interferogram of an aqueous sulfuric acid droplet is shown in Fig.
3.1c. The concentration of sulfuric acid, [126] and thus its refractive index, [129] can
be estimated from the temperature of the sample and the water vapor pressure in the
chamber. As expected, the interference fringes, corresponding to changes in thickness
of 240 nm, are closely spaced at the periphery of the droplet where the liquid thickness
changes rapidly. Changes in droplet spreading and topology with temperature and
pressure can be easily visualized, and fiducial marks allow registration between the
optical and electron imaging systems.
During etching experiments, we first moved the sample under the optical system
to estimate liquid thickness in-situ before exposing it to the electron beam (Fig.
3.3a). Second, we moved the sample under the e-beam, (Fig. 3.3b), to perform
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Figure 3.3: Schematic of copper etching process using liquid phase FEBIE with controlled liquid thickness. (a) Measuring liquid thickness interferometrically and imaging droplet topography. (b) Exposing the sample to the electron beam to perform
etching. (c) Enlarged view of the sample with the microdroplet of reactant. (d) A
cross sectional view of an etched feature after exposure.
copper etching at the desired liquid thickness. Finally, we moved the sample back
to the optical system to confirm that the thickness had not changed, other than in
the etched feature, during etching. The etched volume was measured using the SEM
ex-situ in high vacuum mode and the results were compared to our hybrid Monte
Carlo/continuum model discussed below.
An example etching experiment with controlled liquid thickness is shown in Fig.
3.4. A marked difference can be seen in the feature size between the 240 and 480 nm
thick regions of the liquid layer in both tilted, (Fig. 3.4a), and cross-sectional, (Fig.
3.4c), electron micrographs. A detailed discussion of the liquid thickness and beam
current dependence, as well as comparison to model predictions, is presented below.
However, it is clear that control of liquid thickness with the correlative optical system
is essential for controlling the etch process.
For many etching tasks one wishes to achieve a given geometry by scanning the
beam over a defined area. In-situ determination of liquid thickness allows us to determine the process window for such a standard etch process. We exposed 2 m diameter
circular areas using a spiral scan strategy from the center to the edge of the circle
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Figure 3.4: (a) Tilted SEM micrograph, 50°, of features etched into a µ m thick
electrodeposited Cu film using 5M H2 SO4 at 30 keV for 180 s with 0.14, 0.44, and
1.49 nA (labeled) beam currents. The circles at the right were etched at 240 nm
liquid thickness while the circles at left were etched at 480 nm. (b) EDX spectra of
etched feature and µ m Cu on Si demonstrating complete removal of Cu in the etched
area (gray signal) compared to the unetched area (red signal). (c) Cross sections of
the etched circles in (a) etched with 0.442 nA beam current at 240 nm and 480 nm
liquid thickness, labeled, clearly show the complete removal of Cu without damaging
the underlying layer.
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with a step size 0.8 nm and curve step size of 16 nm. For each pattern, the areal dose
was adjusted by changing the dwell time per point. A set of etches were conducted
with 30 keV and 0.216 nA beam current at constant liquid thicknesses of 240 nm and
480 nm. The dose was varied from of to 4.5 C/cm2 with an increment of 0.5 C/cm2 .
As shown in Fig. 3.5a, doses of 2.0 C/cm2 and lower resulted in incomplete Cu film
removal. Doses of 2.5 C/cm2 and greater were adequate to sufficiently remove the 1 m
electrodeposited Cu film revealing the underlying barrier layer. Further increasing the
dose expands the etched region laterally as shown in Fig. 3.5b. A dose of ≈2.3 C/cm2
yielded the best match between the designed pattern and the etched feature for both
liquid thickness. Thus, we find that feature sizes can be well controlled by electron
dose over a range of liquid thickness when the liquid layer is thin compared to the
copper.
3.2.2

Hybrid Model for Liquid-phase FEBIE

The underlying chemical and physical processes involved in LP-FEBIE are numerous and complex; as a result, the relationship of feature size and etch rate to other
variables has also been challenging to predict. These processes include electron interactions with water vapor in ESEM chamber, with the liquid reactant, and with the
solid substrate, all of which depend on the geometry and primary electron energy. In
addition, radiolysis products in the liquid diffuse and react with other species as well
as the material to be etched. These reactions depend on the volumetric dose rate
which is governed by the electron-beam current, beam energy, and scattering. The
significant dependence on liquid thickness further complicates our understanding of
this process.
Clearly, physical and chemical models of the process would both enhance our understanding and accelerate selection of etch conditions for various applications. Now
that experiments can be conducted with controlled liquid thicknesses, as described
above, there is strong motivation to develop a predictive model for e-beam induced
etching in liquid. Toward this end, we combined Monte Carlo simulation of electron
scattering with continuum (finite element) simulation of the solution chemistry and
etch process. Fig. 3.6 shows a schematic of the simulation procedure.
The Monte Carlo model provides the energy deposited by electrons as a function
of position in the liquid as they scatter and lose energy as shown in Fig. 3.6b.
JMONSEL, [96] a Monte Carlo method based computer program developed by NIST,
was used to simulate electron interaction with the gas in the chamber and the liquid
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Figure 3.5: (a) Ex-situ micrograph of circles etched into a 1 m thick electroplated Cu
film with increasing doses in C/cm2 and two liquid thicknesses. 480 nm (top row)
and 240 nm (bottom row). (b) Measured diameter of etched circles vs. electron beam
dose from (a) using 240 and 480 nm thick liquid.
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Figure 3.6: Schematic of the simulation steps of LP-FEBIE of copper showing the
role of each simulation code. (a) Illustration of the electron Monte Carlo simulation in JMONSEL showing primary (PE), secondary (SE), and backscattered (BSE)
electrons. (b) Example plot of average energy deposited vs. position in the liquid
reactant. (c) An example plot of an etchant species, S2 O82 – , concentration vs. position during the Cu etch. The deformed boundary of the liquid-copper interface from
etching is also shown.
and to track energy loss. The Monte Carlo output becomes the input to a finite
element model that calculates radical generation and the concentration vs. position
of all reactants accounting for diffusion and reactions in solution. This model also
monitors Cu etching and the moving boundary between the liquid and the solid as
shown in Fig. 3.6c. The finite element portion of the model was realized in COMSOL
Multiphysics. MATLAB interface code was used to convert the Monte Carlo output
(energy vs. position in 3D Cartesian coordinates) to a 2D radially symmetric input
to the finite element code.
Monte Carlo Modeling of Electron Scattering and Energy Deposition
JMONSEL tracks primary electrons (PEs) and secondary electrons (SEs) and the
energy deposited by them. Regions are defined by shapes and material. Different
regions can have different materials and material properties. These include, but are
not limited to, scattering mechanisms, energy loss mechanisms and the minimum
energy to track SEs. In our simulation, the chamber volume contains two regions: a
water vapor layer and a liquid water layer. The water vapor was treated as a layer
of low-density water with a thickness of 10 mm corresponding to the experimental
working distance. The long working distance was chosen to be consistent with other
experiments in which EDX analysis was used for solution characterization. JMONSEL converts composition, pressure, and temperature into a material with the given
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composition and density. Electron elastic and inelastic scattering in the water vapor
was simulated using the Egerton atomic model for the gas scattering cross section. [97]
The water vapor thickness was 10 mm with a pressure of 4.9 Torr and temperature of
10℃. Unlike the Rutherford and Mott models that calculate the elastic cross section
only, the Egerton model accounts for inelastic scattering using a ratio of the inelastic
to elastic scattering cross-sections. Egerton proposed a ratio of σi /σe = C/Z where
Z is the atomic number and the constant, C, is a weak function of beam energy
and Z. Calculated values for C include 17 for 50 keV electrons and 18 for 100 keV
electrons. [97] Experiments support a value of 20 for 80 keV electrons. [97]
Using C = 17 and the elastic scattering cross sections for H and O from the NIST
SRD 64 database [98] for 30 keV we find that (σi /σe )H2 O = 3.2. Treating the water
molecule as a single scatter with Z=10 would yield (σi /σe )H2 O = 1.7. Mansour et
al.. [99] measured a scattering ratio of 2 for water vapor. Additionally we computed
the probability of electrons traversing the water without scattering using a Poisson
distribution [24] and experimental data for the average number of collisions measured
by Wight et al.. [130] The probability is a function of scattering cross section, number
of atoms per unit volume and the gas path length. The number of un-scattered
electrons compared favorably with simulations using a scattering ratio of 2. Thus, we
conducted all simulations using a scattering ratio of 2 which is consistent with both
others’ experimental data and the range of values expected from the Egerton ratio.
In the liquid, the screened Rutherford cross section was used to model elastic
scattering while the Joy-Luo-Nieminen [87,131] model was used for the inelastic scattering. For the latter model, we used a work function of 4.8 eV based on a mid-gap
placement of the Fermi level given the bandgap and electron affinity of liquid water. [132–134] This is consistent to within ±0.2 eV of that found for aqueous solutions
as well. [135,136] The stopping power in liquid water as a function of electron energy
was extracted from the combined data sets presented by Francis et al. [137–140] by
fitting the Joy-Luo-Nieminen model with two free parameters: the effective energy
required to generate a secondary electron and the low-energy cutoff for the transition
from the Joy and Luo form to the Nieminen form.
The extracted parameters were validated by simulating the secondary electron
yield from liquid water and comparing with the experimental data of Thiel and Suszcynsky. [5, 6] Good agreement was found at primary electron energies ≥ 2 keV. (See
Fig.3.7). Below 2 keV experimental SE yields from water diverge based on the sample
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details, [5, 7, 8] and so the poorer agreement in this region is less concerning. Moreover, the limited range of these lower energy secondaries [141] lessens their impact on
the simulation (Discussed in the section Validation of Monte Carlo Simulations
below). With the required parameters in place and the confidence gained by comparison with others’ experimental results, the Monte Carlo simulation was used to
extract deposited energy vs. position in the liquid under the experimental conditions
employed here.
To reduce computation time the Monte Carlo simulations were conducted once
with an infinite liquid. As the continuum simulation progressed, the energy loss in
the finite liquid layer was extracted from the infinite liquid results based on the liquid
geometry at the relevant time point. This approximation captures the spatial and
temporal evolution of radical generation without requiring repeated Monte Carlo simulations. However, it does neglect backscattering of primary electrons and emission
of secondary electrons from the copper, though not backscattering and secondary
electron generation in the liquid itself. Neglecting backscattered electrons is strongly
justified because backscattered electrons from the substrate, at the energy of interest, typically increase absorbed energy density only a fraction of a percent in the
irradiated layer. [142]
In TEM studies at high primary electron energies (∼ 300keV) the energy loss
in the liquid is nearly uniform with depth while secondary emission from a highatomic-number metal wall can be substantial. [143] This leads to higher relative dose
rates near interfaces. However, in the current study we can neglect this phenomenon
because of the greatly increased energy loss of 30 keV primary electrons near the top
of the liquid film and the lower SE generation at the copper-water interface.
Validation of Monte Carlo Simulations
Monte Carlo simulations in JMONSEL were validated by simulating the secondary
electron (SE) yield of copper and of water as a function of primary electron energy.
For copper, the carefully collected, ultra-high vacuum experimental results of Ding
et. al were used as a reference. [144] Material parameters for copper were taken from
Lin and Joy. [145] The comparison of the simulated and experimental SE yield is
shown in Figure 3.7 (a) with excellent agreement.
Three sources of experimental data for the secondary electron yield of water are
available. Thiel et al. measured SE yield of bulk water in an environmental scanning
electron microscope, [5] Suszcynsky et al. measured the SE yield of water ice, [6] and
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Baglin et al. measured the SE yield of thin adsorbed water layers on Cu. [7] Figure 3.7
(b), adapted from Joy and Joy’s work, [8] plots these data sets along with our Monte
Carlo simulation of bulk water. Good agreement was found for primary energies
above 2 keV. Poorer agreement was observed for lower energies, but the experimental
data is limited and diverges based on sample conditions. Transient charging that
differs between bulk (Thiel) and adsorbed (Baglin) water may be responsible for
these discrepancies.
Experimentally measured and simulated electron inelastic mean free paths (IMFP)
in liquid water have been summarized in the recent paper by Nguyen-Truong. [141]
The most recent simulations and experiments set an upper limit of ≈ 6 nm the IMFP
of electrons between 1 and 2000 eV, and the IMFP is much smaller than 6 nm over
much of this energy range. Thus, despite the divergence in the low energy results
above, any error in calculating the range of these electrons is insignificant compared
to the feature sizes and diffusion ranges considered here. Moreover, any change in
radiolysis yield for these low energy energy electrons is already averaged into the
measured radiation-chemical yields.
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Figure 3.7: Validation of Monte Carlo simulations. (a) Comparison of simulated SE
yield from copper with the data of Ding et. al. (b) Comparison of simulated SE from
water with measured secondary electron yield from water, [5], ice [6] and adsorbed
water on copper. [7] The plot of experimental data in (b) was adapted from reference
8. The 30 keV primary electron energy used in the experiments described here is
marked with a vertical arrow.

Continuum Modeling of Etch Process
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After establishing the energy loss versus position, we used finite element analysis
to model radical generation, subsequent reactions, reactant transport, and etching
at the copper-liquid interface. Rate constants used in the model are given for each
relevant reaction, and diffusion coefficients for each species are noted as well. As
noted above, experimental results for electron beam induced etching of Cu in H2 SO4
suggest a radiation-based Cu etching mechanism. [82]
During radiolysis, radical species are formed in the irradiated volume due to energy transfer from the electrons to the reactants. Our energy deposition model assumes that discrete radiolysis events can be approximated by a continuous radical
generation rate. This rate is given by the product of the radical yield, experimentally
determined by others in bulk solutions, and the average energy deposition rate in
each Monte Carlo voxel. This assumption enables the continuum modelling of etching and offers much faster execution than a full kinetic Monte Carlo model. However,
this assumption would need to be revisited if the spatial and temporal statistics of
the radiolysis process became significant. This would be the case, for example, if
one wished to study the surface roughness of features approaching the voxel size or
features etched using only a few primary electrons.
Irradiation of aqueous sulfuric acid [146–149] produces sulfate radicals by the
following mechanisms:
PE

(3.1)

PE

(3.2)

OH + HSO4− −−→ H2 O + SO4−

(3.3)

OH + H2 SO4 −−→ SO4− + H3 O+

(3.4)

HSO4− −−→ H + SO4−
H2 O −−→ H + OH

The first of these processes, direct radiolysis of HSO4 – (reaction 3.1), is fast
compared to the timescale of the other processes considered here. [146,147,149] Jiang
reported the yield of the sulfate radical for reaction 3.1 to be fs G f where fs is the
electron fraction of sulfuric acid and G f = 2.8 SO4 – /100 eV. For the sulfuric acid
concentration considered here this translates to a yield of 1.0 SO4 – /100 eV. The
secondary pathway through the OH radical (reactions 3.3,3.4, k3 = 4.7 × 105 and
k4 = 1.4 × 107 L mol−1 s−1 )) is much slower and there are at least four additional
competing reactions. [146] We neglected this slower and more complex pathway in
our simulations and still achieved excellent agreement with experiments as discussed
below. Also following Jiang, we did not differentiate between the action of the primary
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electrons on H2 SO4 , HSO4 – , and SO42 – in solution. Likewise we did not track the
concentrations of the three species separately, but rather treated them all as HSO4 – .
The sulfate radical is a strong oxidizer with a standard reduction potential from
2.5 to 3.1 V [150] and is certainly capable of oxidizing copper metal to Cu2+ (aq).
In addition to oxidizing copper, the sulfate radical can either recombine with atomic
hydrogen or combine with itself as shown below.
H + SO4− −−→ HSO4−

(3.5)

2 SO4− −−→ S2 O82−

(3.6)

Reaction 3.6 has a range of reported rate constants spanning 3.8 × 108 to 8.1 ×
108 L mol−1 s−1 based on flash photolysis measurements. The value listed below
represents the median value rounded to one significant figure. [150] Atomic hydrogen formed in reaction 3.1 can be removed from subsequent reactions through the
formation of H2 (g). [151]
H + H −−→ H2 (g)

(3.7)

The peroxydisulfate (S2 O82 – ) ion is also a strong oxidizer (standard reduction
potential of 2.05 V [138]) and is commonly used to etch copper. Thus, either the
radical or the resulting ion will serve as an effective etchant. At the surface the
oxidizing species (SO4 – and S2 O82 – ) react with Cu and aqueous Cu2+ forms as
follows:
2 SO4− + Cu(s) −−→ Cu2+ (aq) + 2 SO42−

(3.8)

S2 O82− + Cu(s) −−→ Cu2+ (aq) + 2 SO4−

(3.9)

For simulation purposes these reactions are assumed to be instantaneous, and the
multistep oxidation of copper was not considered. The density of electroplated copper
was taken as the bulk density.
The simulations reveal several important aspects of the etching process. First,
under the electron beam conditions considered here, irradiation of the solution does
not locally deplete HSO4 – . As shown in Fig. 3.8a, the HSO4 – concentration is
reduced by less than 0.1% compared to its initial concentration. This is at the location
of highest energy transfer, but elsewhere the change is considerably smaller. This
result gives us confidence that we can model the transport of other reactants as
dilute species in a homogeneous aqueous sulfuric acid solution. This also confirms the
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assumption that we do not need to consider non-uniform sulfuric acid concentration
in our Monte Carlo simulations.
Secondly, we find that the sulfate radicals rapidly combine in the irradiated region,
and that peroxydisulfate (S2 O82 – ) is the primary copper etchant. As shown in Fig.
3.8b the sulfate radicals are confined to the volume of highest energy transfer. Fig.
3.8c shows the much greater range of of the peroxydisulfate ion. An example data
set showing peroxydisulfate concentration and etch progression as a function of time
is shown in Fig.3.10.
The finite element simulations described above do not consider the concentration
of Cu2+ in solution, nor do they account for reduction of copper ions or oxidation
of metallic copper in the liquid. However, if the concentration becomes sufficiently
high then the rate of reduction of Cu2+ back to Cu metal may become significant. In
fact, we did observe copper re-deposition when we tried to quickly etch large arrays of
densely packed features using high beam currents as shown in Fig. 3.9. Under normal
conditions, atomic hydrogen produced by radiolysis will recombine with the sulfate
radical or react with itself to produce hydrogen gas. Likewise, solvated electrons
will be rapidly scavenged by H+ + e – (aq) −−→ H (k = 2.5 × 1010 L mol−1 s−1 ). [152]
However, in the presence of high concentrations of Cu2+ , both reducing species (H
and e – (aq)) may react with Cu2+ instead. (reactions 3.10 and 3.11.) Cu+ may be
returned to Cu2+ by reaction with hydrogen (reaction 3.12) or be further reduced to
copper metal by disproportionation (reaction 3.13).
The relevant reactions are
Cu2+ + H −−→ Cu1+ + H+
Cu2+ + e− (aq) −−→ Cu1+
Cu+ ( + H+ ) + H −−→ Cu2+ + H2 (g)
fast

Cu+ + Cu+ −−→ Cu0 (s) + Cu2+

(3.10)
(3.11)
(3.12)
(3.13)

Thus, it was important to maintain sufficiently low pattern density and etch rates to
prevent such deposition in the experiments described below. Moreover, future work
should consider simulating reduction reactions in addition to oxidation reactions.
We also note that these simulations did not include thermal effects such as heat
transfer or advection but still yield good agreement with experiment. It is likely that
working with a thin liquid on a high thermal conductivity substrate is important in
this regard. This is consistent with Rykaczewski et al.’s work showing there was no
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measurable e-beam induced evaporation of water droplets on silicon whereas there is
substantial evaporation on superhydrophobic nanowires. [153] Finally, we note that
these simulations are restricted to radially symmetric cases, and that simulation of
more complex patterns will require full 3D analysis as well as consideration of the
time-dependent beam deflection strategy.
The values of the rate constant (kno. in L mol−1 s−1 ) of the reactions discussed
above are k3 = 4.7×105 , [146] k4 = 1.4×107 , [146]k5 = 1×1010 , [146] k6 = 5×108 , [150]
k7 = 7.8 × 109 , [152] k10 = 9 × 107 , [152] k11 = 3.3 × 1010 , [152] k12 = 1.3 × 1010 . [154]
The values of diffusion coefficients (DX ) in m2 s−1 are DHSO − = 1.385 × 10−9 , [129]
DSO − ≈ DSO 2− = 1.065 × 10−9 , [129] DS
4

[152]

4

4

2 O8

2−

= 1.1 × 10−9 , [129] and DH = 8 × 10−9 .

Finite Element Simulation
The copper etching process was modelled by solving the continuity equation for
the concentration of dilute species in the liquid volume and the movement of the
liquid-solid boundary. We exploited the radial symmetry of the problem to reduce
the simulation domain to two dimensions. This domain was given by the depth of
the liquid with an 8 m radius. The initial concentration for all chemical species were
set to zero except for HSO4 – which was set to 5 M to match experimental conditions.
The boundary conditions were set such that the flux at the top boundary is zero.
At the bottom boundary the concentration of the oxidizing species was set to zero
to reflect instantaneous etching of copper. The concentrations at the outer radial
boundary were set to their initial values. Expanding the boundary beyond a radius
of 8 m changed the simulated etch volume by less than 0.001%.
The rates of reactions driven by the electron beam are given by
Gi ∆E(r, z) IB
Ri (r, z) =
NA 100 q

(3.14)

where Ri (r, z) is the reaction rate of the ith species in mol m−3 s−1 , Gi is the radiationchemical yield per 100 eV, NA is Avogadro’s number, ∆E(r, z) is the average energy
absorbed per unit volume per primary electron in eV m−3 , IB is the electron-beam
current in amps, and q is the electron charge. Gi is negative for species undergoing
radiolysis. ∆E(r, z) is calculated from the Monte Carlo model. The chemical reactions
not driven by the electron beam are governed by the rates constants given in the main
manuscript.
Diffusion was modelled by treating all species as dilute and using diffusion coefficients for infinite dilution. As noted in the main manuscript this approximation
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Figure 3.8: Hybrid simulation showing HSO4 – (a) and SO4 – (b) and S2 O82 – (c)
concentrations when the solution is irradiated at 30 keV, 0.442nA, and 730 nm liquid
thickness. The image represents a cross-section of an axially symmetric simulation.
S2 O82 – is the primary copper etchant. The plots were generated at a time point of a
180 second.
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Figure 3.9: Tilted view of an SEM micrograph of 120 s spot scan etched into 1 m
electroplated Cu at 30 keV and 0.44 nA showing redeposited material.

holds because the change in concentration, and the the diffusive flux, of the HSO4 –
remains small. We mapped the mesh so that it becomes coarser as one moves away
from the beam impact point and the region of etching. The mesh was refined until
there results changed by less than 0.01%. The size of the smallest and the largest
mesh elements were 1 nm and 0.15 m respectively.The simulation was carried out
without considering heat transfer.
The velocity of the liquid-solid (H2 SO4 (aq)-Cu) interface was determined by the
normal flux of oxidizing species under the assumption that the electrodeposited copper had the same density as bulk copper. The vertical displacement of the boundary
was constrained by the thickness of the copper layer. The layers below the electroplated copper were not included in the simulation. An example of how the etching
process proceeds in time is shown in Fig. 3.10. The evolution of the concentration of
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Figure 3.10: Hybrid simulation showing the time evolution of the Cu etching process
and the concentration of S2 O82 – when the solution is irradiated with 30 keV electrons,
a 1 nA beam current, and 730 nm liquid thickness. Inset labels indicate the time point
of each plot. The outer portion of the simulation domain (from 4 to 8 m radius) is
not shown to better resolve the concentrations and etched features.

S2 O82 – and the moving liquid-solid interface can be seen at different time scales.
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3.2.3

Influence of liquid thickness and electron beam current on the etch
rate

As discussed above, the number of oxidizing species (SO4 – and S2 O82 – ) produced
is directly related to the energy lost in the liquid. The thicker the liquid the more
energy is lost, and thus one would expect a general increase in etch rate with liquid
thickness. The electron beam current also directly controls the generation rate of
oxidizing radicals by altering the number of electrons impinging on the liquid per
unit time. Thus, the etch rate is expected to increase with beam current. However,
these relationships will be complicated by dose rate effects and subsequent reactions
in the liquid. For example, when irradiating a liquid with a high-brightness, focused
electron beam the local dose rate can be much higher than that observed in typical
radiation chemistry experiments with bulk samples and large area, MeV electron
sources.
Given these expectations, experiments were conducted in which the volumetric
etch rate (µ m3 s−1 ) was measured as a function of liquid thickness and beam current. The liquid thickness refers to the initial thickness at the beginning of the etch
process. We assume that the liquid fills the etched feature on a time scale that is
short compared to the overall etch time. All etched features were assumed to have a
cylindrical shape for volumetric calculations. The results of these experiments were
compared to model predictions.
The primary electron energy was fixed at 30 keV, and five beam currents (0.14,
0.44, 1.50, 4.98, and 5.95 nA) were investigated. Patterns were exposed using a spot
scan at liquid thicknesses of 240 nm, 480 nm, and 730 nm for 180 seconds. At least
seven etches were performed at each combination of beam current and liquid thickness
and a total of more than 170 features were etched and measured. As expected,
etched feature size demonstrates a strong dependence upon both liquid thickness and
beam current as can be seen in Fig. 3.4. Fig. 3.11 quantifies these relationships
and compares them to the hybrid Monte Carlo/continuum model discussed above.
First, the simulated and experimental etch rates agree remarkably well given that
all required model inputs were measured (beam current, beam energy, and liquid
thickness) or obtained from studies conducted by others (scattering cross-sections,
stopping powers, radical yields, secondary electron yields, diffusion coefficients, and
reaction rates). There were no fitting parameters used in the simulation.
We found that the etch rate increases monotonically with beam current and sat-
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Figure 3.11: Experimental and simulated data for copper etch rate as a function of
beam current and liquid thickness. The experimental and simulated results agree
quantitatively at all but the largest currents and liquid thicknesses. Data from over
170 etched features is included and no fitting parameters were employed to match
simulated and experimental results.
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urates at higher beam currents. Our hybrid model predicts quantitatively similar
behavior. The initial increase in etch rate with current reflects the increased generation rate of oxidizing radicals. This parallels the electron- or ion- limited regime in
gas-phase beam-induced etching where etch rates are limited by the rate of charged
particle arrival. For example, Schoenaker et al. note a similar effect in FEBIE of
titanium using XeF2 . [155]
The saturation of the etch rate at higher currents could be the result of either
reactant (HSO4 – ) depletion or more complex subsequent reactions. As discussed
above, our simulations show that the reduction in concentration of HSO4 – is no
more than 0.1% even in the volumes with the highest local dose rate. Rather, it is
conversion of atomic H to H2 (g) and the time evolution of the geometry that yields
a nonlinear etch rate dependence. This contrasts with gas phase processes at higher
beam currents in which the etch rate is limited by the depletion and mass transport
of reactants. [100, 155, 156] In fact, the provision of large reactant concentrations is
one of the key advantages of liquid-phase processes.
Although almost all of the experiments in Fig. 3.11 agree well with simulation,
there appears to be a deviation between the experimental and simulated data at
the higher beam currents (5 and 6 nA) and thickest liquid (730 m). Some possible
reasons for this deviation include accelerated etching by heating, radiolysis of reaction
products that is only significant at high dose rates, and/or an increase in beam spotsize that reduces dose-rate effects.
3.3

Conclusion

Localized etching of Cu is critical for many nanotechnology-related applications, and
using an electron beam with a liquid reactant avoids many of the negative aspects of
FIB etching. For the case of copper etching in aqueous sulfuric acid, the etch products are soluble and the etch chemistry is highly selective to other materials leading
to clean, precise copper removal. Moreover, pressure and temperature can be used
to control the concentration and thickness of the liquid while interferometric imaging
allows direct measurement of liquid thickness. This combination provided dimensional control of etched features and allowed the development of a predictive model
for the etch process. Excellent agreement between simulated and experimental etch
rates was obtained using data from the radiation chemical and electron microscopy
literature without any fitting parameters. Under the conditions considered here, etch
rate increases with both liquid thickness and beam current, but in a nonlinear fashion
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governed by electron energy loss, dose rate, and reactions in the liquid.
Both the experiments and simulations presented here were oriented toward removal of larger volumes of copper (∼ m3 ) characteristic of upper metal layer circuit
editing. Future work will focus on higher resolution processes for which both the
liquid thickness and gas path length will be reduced. In addition, future development
of the simulation code will allow re-simulation of the electron energy deposition at
additional time steps to more accurately capture the early stages of the etch process.
Complete optimization of the process will also require evaluation of primary beam
energy, reactant concentration, and beam scanning and blanking strategies. However,
now these effects can be explored confidently in simulation to greatly accelerate the
design of experiments.
3.4

Experimental Methods

3.4.1

LP-FEBIE

The etching experiments were carried out using an environmental scanning electron
microscope (ESEM, Quanta 250 FEG, Thermo Fisher Scientific, Hillsboro, OR, USA).
A gaseous secondary electron detector (GSED) was used to collect secondary electron signals (SE) in the ESEM. A Peltier cooling/heating stage was used to carefully
control sample temperature and hence, the condensation and evaporation of water
from the sulfuric acid solution on the surface. Silicon wafers with 1 m thick electrodeposited copper film on 30nm Cu/Mn, 7nm Ta, 7nm TaN, 100 nm SiO2 were cleaved
into segments less than five by five mm to fit in the Peltier stage. Each sample was
rinsed thoroughly with isopropyl alcohol (IPA, Fisher Scientific) then deionized water
(DI) to remove any trace of the alcohol. Next, each sample was dipped in sulfuric
acid for 15-20 seconds to remove any copper oxide (CuOx ). Samples were fixed to the
Peltier stage with conductive silver paste (TED PELLA, INC.) to ensure adequate
thermal conductivity.
Sulfuric acid (H2 SO4 ) (EMD chemicals Inc.) was used as the reactant for etching.
Before pumping the ESEM to vacuum, a microdroplet of 1 M H2 SO4 (aq) was pipetted
directly onto the substrate. Much of the liquid was then pulled back into the pipette,
leaving a relatively shallow layer of liquid on the substrate. This better facilitated
the use of both the optical system and the etch process, in-situ, by providing a more
gradual gradient of droplet thickness. Initially, the substrate temperature was set
to three degrees Celsius (3℃) and ESEM chamber pressure to 5.5 Torr to maintain
the initial 1 M concentration of H2 SO4 . The concentration of H2 SO2 was controlled
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in-situ through manipulation of chamber pressure (water vapor) and sample temperature. The condensation and evaporation of water vapor leads to a change in sulfuric
acid concentration as reported by Massucci et al. [126]. For all experiments, the
chamber pressure was reduced to 4.9 Torr, and the temperature was raised to 10℃.
This led the H2 SO4 concentration to increase to 5 M.
The effect of beam current and liquid thickness on the etch rate were studied.
Beam current was investigated over currents ranging from 0.14 nA to 5.95 nA. The
beam current was measured using a Keithley picoammeter and a Faraday cup. A
stationary beam at single pixel (spot scan mode) was used at intervals of 180 seconds
covering a range of various liquid thicknesses.
After each etching experiment, the sample was rinsed thoroughly with DI water
for at least 30 seconds, then imaged in the high vacuum mode of ESEM. Energy
dispersive X-ray analysis (EDX) of elemental composition was performed using an
Oxford X-Max detector (Oxford instruments, Concord, MA, USA) to determine how
complete the film removal process was. Some of etches were cross-sectioned using
a Helios NanoLab 660 DualBeam TEM system (Thermo Fisher Scientific, Hillsboro,
OR, USA) to examine etch selectivity.
3.4.2

Optical Imaging System

Before implementation, the optical properties of the imaging system were analyzed
using Optics Studio (Zemax LLC, Kirkland, WA, USA). The system used in these
experiments is a 4X magnification optical system with a 2mm field of view and 20
mm working distance. An aspheric lens (Thorlabs AL 1225-B) and an achromatic
doublets lens (Thorlabs AC254-100-B) were used as the objective and imaging lenses
correspondingly. Using an aspheric singlet as an objective, rather than a complex
microscope objective, is acceptable because the system exhibits a small field and uses
nearly monochromatic illumination. Such a lens also does not employ any adhesives
that might compromise its vacuum compatibility.
A precision broadband optical glass window, BK7, (Thorlabs W64 1050-B) was
used as an interface between the optical system and the vacuum chamber. All the
optical components had an anti-reflective coatings from 650 nm and 1050 nm in
wavelength. A CMOS camera (Point Grey Research, Inc.) was used to image the
liquid film. 100 nm of indium tin oxide (ITO) was sputter coated on a 12 mm diameter
glass substrate and placed before the objective lens to prevent charging by scattered
electrons. Köhler illumination was used for light delivery with a 50:50 broadband
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cubic beam splitter. A SuperK Extreme supercontinuum source (NKT Photonics)
was used to deliver light with a wavelength of 660 nm and a bandwidth of 10 nm. The
bandwidth was selected to provide clear interference fringes while reducing speckle.
The mechanical assemblies and custom components were designed in CREO Parametric (PTC). When commercially available, vacuum compatible and non-magnetic
opto-mechanics and fasteners were purchased (unanodized aluminum, vented as required). Custom components were machined from aluminum. All of the mechanical
parts were cleaned with a 1% Alconox detergent for 15 minutes at 50℃in an ultrasonic cleaner. Then, the parts were rinsed thoroughly with DI water to ensure that
no detergent was left. Finally, the parts were rinsed sequentially with ethanol, acetone, and DI water before placing them in vacuum. Standard anodized aluminum
and stainless steel optomechanics were used outside the vacuum system.
Extraction of liquid thicknesses were carried out in MATLAB to map the interference pattern position from the optical images to the corresponding position on the
electron micrograph images. To implement image mapping with respect to mutual
points, we intentionally marked the sample at locations near the liquid droplet edge.
These marks are easily visible and are clearly identified in both the optical and the
electron images.

Copyright© Sarah K. Lami, 2020.
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Chapter 4
Nickel Etching
The continuous shrink of silicon chips in integrated circuit has led to the introduction of extreme ultraviolet (EUV) lithography. A tantalum-based absorber layer is
currently favored for its high etch selectivity with respect to a ruthenium (Ru) cap
layer. unfortunately, Ta-based absorber has moderate absorption coefficient in the
extreme ultraviolet regime and must be 60-70nm thick to achieve the required reflectivity. This thickness leads to large print biasing effects and shadowing. Therefore, a
thinner and repairable EUV absorber material is required to reduce these effects for
next generation of EUV lithography.
Nickle has a high absorption coefficient which makes it a strong candidate for
the next generation EUV mask absorber film. However, there is no accepted repair
technology for Ni-based absorber layers. Focused ion beam milling results in subsurface damage, nanobubble formation, and layer intermixing. Focused electron-beam
induced processes are challenging because there are few volatile Ni reaction products.
Liquid-phase focused electron beam induced processing offers an alternative technique
to etch Ni films. Here we show that Ni films on bulk substrates can be selectively
etched using a focused electron beam and aqueous sulfuric acid solution. Different
etching parameters such as beam dose, refresh time, and addition of surfactant are
investigated. The extent of etch increases with dose, and etch resolution improves
with the addition of surfactant. This approach enables local Nickle patterning with
complete film removal without damaging the underlying layers with potential for
extreme ultraviolet (EUV) lithography mask repairing.
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Figure 4.1: (a) Schematic of liquid-phase focused electron-beam induced etching of
nickel. Electron radiolysis of sulfuric acid yields oxidizing radicals that react at the
nickel surface to produce a soluble product resulting in material removal. The process
is conducted in an environmental SEM with a low-pressure, water-vapor ambient.
Inset: plan view of circle etched into a 170-nm thick nickel film. (b) Tilt view of
circles etched in a nickel film. (c) Cross-sectional geometry of the etched structure.
(d) Nested-L and (e) square patterns demonstrate the etching of arbitrary geometries
4.1

Introduction

Many fabrication techniques have been developed that directly deposit or etch functional materials at the nanoscale. These techniques are typically based on focused
electron and ions beams and often involve reactive gasses. The energetic charged particles stimulate dissociation of precursor molecules for deposition or drive reactions
that form volatile products for etching. When focused ion beams are used there is significant substrate sputtering damage, ion implementation, and intermixing between
layers. [157–159]
For etching, it is often required to remove one material selectively without damaging the remaining materials. As a result, focused electron beam induced processing
(FEBIP) has been widely investigated as an alternative technique. [156] FEBIP is often performed in scanning electron microscopes (SEM) with direct in-situ inspection
of the fabrication process. Although FEBIP has been adopted for integrated-circuit
edit, mask repair, and rapid prototyping, there are still several serious limitations tied
to the use of gas-phase reactants. For example, the only proposed gas-phase process
for copper requires two reaction steps with different gases and has not been widely
adopted. [160] Moreover, there is no known gas-phase reactant for nickel etching.
Liquid-phase FEBIP (LP-FEBIP) replaces the traditional gas-phase reactants
with liquids as shown in Fig. 4.1. Etching in liquids requires only soluble, rather
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than volatile, products; thus, liquid-phase processes should enable etching of a widerange of new materials. The use of liquid reactants for etching is relatively unexplored compared to liquid phase focused electron beam induced deposition (LPFEBID). Deposition processes have been studied extensively in sealed liquid cells.
[47, 50, 52, 54–56, 56–58, 151, 161] More recently, the liquid precursor for deposition
has been introduced to bulk substrates in the vacuum environment through liquid
injectors [3, 4, 51, 61] and in-situ hydration of water-soluble precursors on a cooled
substrate in an environmental scanning electron microscope (ESEM) [3, 45].
With regard to etching, the earliest study reported liquid-phase focused electron beam induced etching (LP-FEBIE) of silicon nitride windows of a closed liquid
cell using 1 wt% KOH (aq). [50, 162] In more recent work, copper etching on bulk
substrates with no liquid cell was achieved using aqueous sulfuric acid as a liquid
reactant [82, 163]. The process demonstrated excellent selectivity and no damage to
the underlying layers. A key finding with particular relevance to the current work is
that aqueous sulfuric acid solutions can be used in the environmental SEM because
of the extremely low vapor pressure of sulfuric acid. [125] These works also provided
insight into the Cu etch mechanism by comparing experimental results to a hybrid
Monte Carlo/continuum model. It was concluded that the etch profile can be controlled by adjusting electron beam parameters and liquid thickness. In this paper
we show that sulfuric acid can also serve as an e-beam induced etchant for nickel;
however, the reactions that prevent spontaneous etching and that control the etch
rate are significantly different from those for copper.
A key motivation for the present work is the repair and modification of lithographic
masks and imprint templates which utilize nickel. As EUV lithography moves into
production for integrated circuits, nickel is being considered as an alternative absorber
material.
Currently, EUV technology employs a tantalum-based absorber layer mainly due
to its high-quality etching selectivity to a ruthenium cap layer [164]. On the other
hand, Ta must be 60-70 nm thick to achieve the required reflectively. Unfortunately,
60-70 nm is almost five times the EUV wavelength, and shadow and print bias effects
increase with the thickness of the absorber stack [165, 166]
Consequently, different materials have been investigated as an EUV absorber layer
[167–169], including Al-Cu, Cr, Ta, TaN Ti, and TiN in which material properties
such as film stress and etch selectivity have been considered [170]. Among all the
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studied materials, nickel has gained significant interest as an absorber layer due to
its high absorption coefficient in the 13.5 nm region [103, 171–177].
Despite the promise of Ni as an absorber material, there is no accepted repair
technology for nickel-based masks. Focused ion-beam milling of pure Ni films without
damaging nearby or underlying materials is extremely difficult. Ion milling with
traditional ion sources exhibits inadequate resolution and leads to redeposition, ion
implantation, and damaging of underlying layers. [178, 179] Recently, Gonzalez et al.
irradiated Ni layer with helium (He) and Neon (Ne) ion beams as a method for EUV
mask repair and found that He ions do not etch Ni under the studied conditions
while Ne ions remove Ni effectively. However, both ion beams, He and Ne, induced
subsurface damage, nanobubble formation, and layer intermixing [159]. These studies
suggest that electron-beams are preferable, but Ni is either nonreactive with many
halide gaseous etchants used in FEBIE or the reaction products are nonvolatile
The challenges facing both ion- and electron- beam induced etching of nickel
motivated the current study of nickel etching with LP-FEBIE. Here we show that Ni
films on bulk substrates can be selectively etched using a focused electron beam and
an aqueous sulfuric acid solution. A wide range of process conditions are available
under which the sulfuric acid does not spontaneously etch nickel in the absence of the
electron beam. In addition, we found that the process differs in several important
ways from e-beam induced etching of copper in sulfuric acid solutions.
4.2

Methods

All etching experiments were carried out using an environmental scanning electron microscope (ESEM, Quanta 250 FEG, Thermo Fisher Scientific, Hillsboro, OR, USA).
Patterning was controlled by a Elphy 7 electron beam lithography system (Raith
GmbH.). A gaseous secondary electron detector (GSED) was used to collect secondary electron (SE) signals in the ESEM. A Peltier cooling stage was used to carefully control samples temperature and hence, the condensation and evaporation of
water from the sulfuric acid solution on the surface. A 30 keV beam energy and a
beam current between 500 and 600 pA were used for all experiments.
All samples were prepared in two steps. First, nanocubes were fabricated using
two-photon polymerization (2PP) 3D laser printing for in-situ evaluation of liquid
thickness. 2PP was carried out using a Photonic Professional GT system (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany). A 63X objective with a 1.4 NA
and IP-Dip negative-tone resist (Nanoscribe GmbH) were used for printing. Sili60

Table 4.1: Tested condition for LP-FEBIE of nickel
Temperature (℃)

Pressure (Torr) H2 SO4 (M)

3.0
10.
26

5.5
4.9
1.0

1.0
5.0
11

con samples (boron doped, (100) oriented, Virginia Semiconductor) were cleaved to
25×25 mm to fit the Nanoscribe multi-DiLL sample holder. Each sample was rinsed
thoroughly for 30 seconds each in a sequence of isopropyl alcohol (IPA, Fisher Scientific) and deionized water (DI). Afterward, the sample was fixed on the multi-DiLL
sample holder. A droplet of IP-DIP resist was applied directly to the center of the
substrate. Nanoscribes Dip-in Laser Lithography (DiLL) configuration was used for
the patterning the nanocubes. In DiLL configuration, the objective dips directly into
the resist to minimize spherical aberration during the printing process. After laser
exposure, the sample was removed from the sample holder and developed at room
temperature for 150 min in 25 mL of propylene glycol monomethyl ether acetate
(PGMEA, Sigma-Aldrich, St. Louis, MO, USA), followed by a 120 s immersion in 25
mL of isopropyl alcohol (IPA, Sigma-Aldrich, St. Louis, MO, USA).
After printing the nanocubes, a 170-nm thick nickel film was DC sputtered onto
the samples using an ATC-1800 sputtering system (AJA International Inc.). A thin
Ti layer was deposited first to serve as an adhesion layer. The base pressure of the
sputtering chamber was 1x10−7 Torr. Argon gas was used as the sputtering gas with
a constant flow rate of 30 sccm. The Ni target was pre-sputtered for 5 min to remove
surface oxides. The deposited film thicknesses were measured via a profilometer
(Dektak 6M, Veeco). The samples were then cleaved into pieces less than 5 × 5 mm
to fit in the Peltier stage and cleaned using the same procedure described above.
Finally, argon plasma treatment was performed for 15 seconds. Samples were fixed
to the Peltier stage with conductive silver paste (Ted Pella, INC.) to ensure adequate
thermal conductivity. Localized liquid delivery experiments were performed using a
custom liquid injection system (LIS) (Thermo Fisher Scientific, Hillsboro, OR, USA).
The reactant was placed on the substrate via a nanocapillary (NC) needle that is filled
ex-situ with the desired reactant solution. The NC needle was then fitted into the
system before pumping the ESEM chamber. All the NC needles were fabricated
using a Sutter P-97 Flaming/Brown Micropipette Puller from 1 mm outer diameter
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borosilicate glass to an ≈ 5µ m outer diameter tip.
4.3

Results and discussion

4.3.1

Nickel etching using sulfuric acid

For electron beam induced processes, it is important that etching only takes place in
the area exposed to the electron beam. Spontaneous etching of nickel by a reactant
would limit the resolution of the process and may damage surrounding structures.
Based purely on its oxidation potential, nickel should spontaneously dissolve in sulfuric acid and produce hydrogen. However, nickel promptly forms a passivation layer
that hinders surface diffusion and dramatically slows or terminates the dissolution
process [180–182]. Hence, dissolution of Ni in H2 SO4 is typically avoided or done at
elevated temperatures with the presence of additional oxidants [181, 183, 184]. These
results suggest that nickel may not spontaneously dissolve in sulfuric acid under the
conditions used for FEBIE, and we confirm this below.
Two simultaneous sets of experiments, in-situ and ex-situ, were performed to
evaluate the dissolution behavior of Ni films with varying H2 SO4 concentration (table 4.1). In-situ experiments were performed in the environmental SEM, but without
exposing the liquid to the electron beam. H2 SO4 concentration can be controlled
by adjusting the background water vapor pressure in the chamber and sample temperature as shown in table 4.1 [126]. Samples were first cooled to 3℃, then a 1µ l
droplet of 5M H2 SO4 was dispensed directly onto the cooled Ni film. Afterward, the
ESEM chamber was pumped directly to 5.5 Torr with water vapor as the ambient
gas. Pressure and temperature were adjusted in-situ to change sulfuric acid concentration. Ex-situ experiments were performed by immersing Ni films in sulfuric acid
with different concentrations (1, 5, and 11 M).
No Ni etching was observed in any in-situ experiments even after 4,500 sec. In
contrast, the Ni films immersed for the same time period partially dissolved in the
ex-situ experiments. One reasonable explanation for the difference in behavior is the
absence of dissolved oxygen, the main oxidant of Ni in H2 SO4 [183], in the in-situ
experiments. This is consistent with the corrosion resistance of commercially pure
nickel in dilute sulfuric acid in the absence of dissolved oxygen. [185] Thus, sulfuric
acid does not spontaneously etch nickel under a wide range of conditions in the ESEM
and serves as a good candidate for LP-FEBIE of nickel.
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Figure 4.2: Liquid-phase electron-beam induced etching of nickel using nanocubes
for in-situ liquid thickness measurement. (a) Array of nanocubes, printed with twophoton lithography, having heights from 400 to 5000 nm from right to left. Inset:
Cubes with edge lengths of 400, 700, and 1000 nm. (b) The initial state of liquid
droplets on top of the nanocubes on the substrate. (c) In-situ liquid film thickness
estimation after stabilization via evaporation and condensation. The liquid thickness
at the etch location is approximately 400 nm. Etched patterns (labeled) are faintly
visible through the thin liquid near the droplet edge. (d) Ex-situ image of a 2 × 2
array of circles etched into 170-nm thick Ni film using single-pixel exposure with a
total dose of 6 nC and ∼ 1µ m pitch.
4.3.2

Liquid thickness characterization with a 3D printed measuring tool

Ascertaining the liquid thickness in-situ is key to controlling liquid-phase FEBIE.
The physicochemical properties of a liquid medium impose limitations proportional
to the liquid thickness. First, the probability of electron scattering is directly affected
by the liquid thickness. Electron scattering governs the liquid volume within which
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reactive species are generated and hence the pattern resolution [50, 163]. Different
techniques have been pursued to characterize liquid thickness in-situ. Fisher et al.
deposited Pt pillars to evaluate liquid thickness injected by nanoelectrospray [51]. We
implemented an in-situ, optical imaging system for direct thickness measurement and
visualization of the liquid film topology [163]. Another straightforward approach is to
3D print nanostructures as a measuring tool. Fig. 4.2a shows printed nanocubes that
allow direct quantitative assessment of the liquid precursor thickness in the ESEM
chamber. The periodic nanocubes range in height from 0.4 to 5µ m.
After stabilizing the liquid droplet on top of the nanocubes, approximate liquid
thickness can be obtained in situ from the height of nearby nanocubes. Specifically,
if one cube is visible and the adjacent cube, with a different height, is invisible then
the liquid thickness is bounded between the height of the two cubes. The error in
the measurements is limited by the discrete height of the nanocubes, because the
maximum SE escape depth from water at 30 keV is ≈ 3 nm. [5, 6] Alternatively, the
thickness can be set by stopping the droplet expansion when a cube of the target
height just disappears. This procedure was used for the 400-nm liquid thickness
experiments described here.
The initial liquid droplet is placed on the cooled Ni film over the printed nanocube
array. Then, the droplet size is stabilized in-situ (Fig. 4.2b and c), and the desired
liquid extent is achieved by careful controlling of ESEM chamber pressure (Fig 4.2c).
For example, a desired liquid thickness can be achieved by increasing water-vapor
pressure to expand the droplet, allowing the liquid edge to pin at a target location,
and finally reducing pressure to thin the liquid.
An example of in-situ patterning at the desired thickness is shown in (Fig. 4.2c)
and visualized as the dark pattern confined in the liquid. The etched patterns can
be seen in the post process SEM micrographs shown in Fig. 4.2d. Thus, the liquid
thickness can be measured in-situ using the nanocubes and controlled by carefully
cycling water-vapor pressure. Ni film etching was confirmed ex-situ using energy
dispersive x-ray spectroscopy (EDX) measurements from the center of the etched dot
and from the reference Ni film (Fig.4.3). The dramatically reduced Ni signal in the
etched region indicates removal of Ni in the etched area. The residual Ni peak is
likely generated from backscattered electrons, as complete removal of the film was
confirmed by focused-ion beam cross-sectioning and SEM for five etched features.
(see, for example, Fig.4.1c).
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Figure 4.3: Energy dispersive x-ray spectra of features etched into a 170-nm thick
Ni film on a silicon substrate confirming removal of Ni in the etched area (shaded
region) compared to the unetched area (blue line).
4.3.3

Etch efficiency and resolution

Single-pixel dot patterns were etched into 170-nm thick Ni films to determine the
effect of dose on feature size and etch efficiency. Experiments were performed at
constant liquid thickness, 400 nm, and beam current, and the dose was varied from
4 nC to 28 nC by adjusting the dwell time. As shown in Fig. 4.4a, doses of 2 nC or
less resulted in incomplete Ni film removal. Doses of 4 nC and higher were sufficient
to completely remove the Ni film exposing the underlying titanium. The diameter of
the etched features increases linearly with dose up to 250 nm after which the growth
in diameter with dose slows and saturates at approximately 400 nm. (Fig 4.4b).
The initial increase in feature size with dose is expected as the number of oxidizing
radicals increases with dose as well. Three mechanisms could explain the saturation
of feature size at a higher doses. First, sulfate radicals could react before they diffuse
to the etch boundary by either recombination with atomic hydrogen to form bisulfate
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Figure 4.4: (a)Ex-situ image of single dots etched into a 170-nm thick Ni film with
increasing dose from 4 to 28 nC with an increment of 4 nC (left to right). The first
dot has a dose of 2 nC. (b) The measured diameter of etched dots vs. dose shows
a rapid initial increase in diameter followed by saturation at high doses. (c) The
volume of the etched dots grows linearly and saturates as well. In the linear regime
the etch efficiency is 0.017 (95% CI 0.014 0.027) atoms per primary electron.
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(Eq. 4.1) or reaction with themselves to form peroxydisulfate (Eq 4.2).
SO4− + H −−→ HSO4−

(4.1)

SO4− + SO4− −−→ S2 O82−

(4.2)

Although peroxydisfulate is a strong oxidizer, it does not attack pure nickel except
in the presence of ammonium salts, and then only under certain conditions. [186,187]
Thus, neither reaction yields species that necessarily etch nickel. Secondly, the etch
may terminate when the flux of oxidizing radicals is balanced by the formation of
the passivating layer. Third, local depletion of bisulfate could slow the etch process.
However, depletion is unlikely given the high initial concentration of sulfuric acid,
and we confirm that it is not a contributing factor in the refresh-time experiments
below.
At doses below 12 nC the etching efficiency is approximately constant at 0.017
(95% confidence interval, CI, 0.014 0.027) nickel atoms per primary electron. This
efficiency is about 8 times lower than that observed for Cu under similar FEBIE
conditions. [82] Similar mechanisms to those described above likely account for this
dramatic difference. First, peroxydisulfate readily etches Cu, but not Ni. Secondly,
passivating nickel oxides do not readily dissolve in sulfuric acid whereas copper oxides
do.
4.3.4

Refresh time effect

Refresh time is defined as the time that the beam is blanked, or deflected elsewhere,
between exposures of a particular location. Refresh-time dependent experiments give
insight into reactant depletion and replenishment in the exposed area. For the process
considered here, refresh time could also influence the formation of passivating layers
on the surface. If depletion of reactants is significant, then the volume of etched
material should increase with increasing refresh time. If passivation is significant,
then the volume of etched material should decrease with increasing refresh time.
In these experiments, pixels with a total dose of 20 nC were etched into the 170
nm Ni film at 30 keV and 0.5 nA. Each pixel was exposed 20 times. The refresh
time after each exposure was varied from 100 to 400 ms (Fig. 4.5a) and from 1000 to
4000 ms (Fig. 4.5c) while maintaining a constant total dose for all etched structures.
Under the conditions investigated here, refresh time had no statistically significant
effect on the etched feature size (change in diameter with refresh time was 6 × 10− 4
nm/s with a 95% CI of −2.8 × 10−3 4.1 × 10− 3 nm/s).
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The lack of significant change in etched volume with refresh time suggests that
neither reactant depletion nor passivation are significant on these times scales. The
lack of depletion is not surprising given the high concentration of sulfuric acid present.
This result is consistent with the absence of depletion in Cu etching in H2 SO4 , [163]
and this is, in fact, a key advantage of liquid-phase FEBIE. For all times considered
here, adding refresh cycles reduced the diameter of the features compared to etching
with no refresh at the same dose. Thus, there is likely a passivation effect occurring
on a time scale shorter than 100 ms.
4.3.5

Effect of Surfactants on Resolution and Efficiency

Another approach to ensure localized etching of Ni by the electron beam in H2 SO4
is the addition of inhibitor. Abdaallah et al. reported effective inhibition of Ni in 1
M H2 SO4 by adding non-ionic surfactant compounds that are derived from sorbitan
esters [188]. It has been reported that the polysorbate compounds can readily adsorb
on the Ni surface. The surfactant hydrocarbon chains oriented toward the aqueous
solution are believed to act as a barrier to Ni etching.
To investigate this effect, 10µ l of the non-ionic surfactant Polysorbate 80 (Tween
80) was added to the 20 ml of 1 M H2 SO4 . The surfactant-modified solution dramatically suppresses etching as shown in Fig. 4.6. The addition of surfactant reduces
the etch efficiency from 0.017 to 0.005 (95% CI 0.004 0.007) atoms/PE at doses for
which the volume grows linearly with dose. Importantly, the surfactant also reduces
the maximum feature diameter at higher doses. This reduction could result from
passivation of the etch boundary by the surfactant leading to a balance in radical
flux and surfactant flux at smaller diameters. Surfactant molecules may also scavenge oxidizing radicals in solution. Surfactant addition not only enabled patterning
of smaller features but also improved the in-situ control of the aqueous solution.
4.3.6

Etching with localized liquid delivery

Although ex-situ placement of precursor droplets and subsequent in-situ hydration
yield a controllable etching process, it is often necessary to edit features at specific
locations on the sample. This requires an accurate and localized delivery of the liquid
precursor around the feature of interest.
Here, we show that a liquid injection system (LIS) [61] provides an improvement
in liquid delivery while controlling droplet placement and size. The liquid reactant is
introduced from a pulled borosilicate glass capillary forming nanocapilary (NC) tip.
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Such an injection tip is shown in the in-situ ESEM micrograph of Fig. 4.7a. The
NC can be placed in the vicinity of the feature of interest. The capillary flow of the
liquid is induced by bringing the NC into contact with the substrate. In-situ droplet
expansion depends on the flow of liquid from the NC, the time the NC is in contact
with the substrate, and the evaporation rate from the droplet surface. An example of
in-situ injection if 1M H2 SO4 and subsequent Ni etching is shown in Fig.4.7. Liquid
flow initiates upon contact with the substrate as shown in Fig. 4.7b. While the NC
is in contact with the substrate, the liquid continues to flow, Fig. 4.7c. The NC is
retracted once the desired droplet size is achieved. Once the droplet stabilizes, the
electron beam was used to stimulate Ni etching as shown in Fig. 4.7e and f.
4.3.7

Etching mechanism

Etching under high-energy electron irradiation during transmitted electron microscopy
(TEM) in liquid cells has been investigated by several groups. [189–192] These efforts
have shown that the radicals produced by radiolysis play key roles in the etch process.
LP-FEBIE in open systems using lower energy electrons adds additional complexity
and its underlying chemical and physical processes are still under investigation. Nevertheless, experimental work on copper etching in sulfuric acid and hybrid Monte
Carlo/continuum modeling provided evidence that the mechanism is radiolytic in
nature [163] and that sulfate radicals and peroxydisulfate are the primary etchants.
Direct energy transfer from electrons to HSO4 – yields sulfate radicals (SO4· – ) [146]
which are strong oxidizing agents with a standard reduction potential from 2.5 to
3.1 V [150]. SO4· – is capable of oxidizing Ni metal to Ni2+ (aq). NiSO4 is soluble
and thus etching proceeds. As discussed above, SO4· – can react with itself to form
peroxydisulfate ((S2 O82 – )). However, unlike copper, peroxydisulfate does not attack
pure nickel and so we expect that only the sulfate radicals participate in the etch
process.
Also, unlike copper, we never observed Ni re-deposition. Cu re-deposition appears
to take place after etching due to buildup of Cu2+ in solution from which re-deposition
occurs [82, 163]. Irradiation of H2 O and HSO4 – yields reducing radicals including
hydrated electrons (eaq – ) and atomic hydrogen. The former is commonly employed
in the radiation synthesis of metallic nanoparticles [193,194], and the later is expected
to contribute to the deposition of metals from their dissolved ions in LP-FEBID [45].
However, in an acidic solution, eaq – are all scavenged by protons to form atomic
hydrogen, and the reaction of atomic hydrogen with Ni2+ has not been detected in
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conventional radiation chemistry experiments. An upper bound on the reaction rate
of H · and Ni2+ is 3X105 M −1 s−1 placing it at least 300 times slower than the reaction
of H · with Cu2+ [152]. Thus, the absence of redeposition is consistent with the lack
of reactivity between Ni2+ and H · .
4.4

Conclusion

Nickel etching is achieved by delivering a beam of high energy electrons to the free
surface of a thin liquid reactant under low-vacuum ESEM conditions. Under these
conditions, nickel does not spontaneously etch in sulfuric acid, likely because of the
lack of dissolved oxygen. Hence, nickel etching occurs only in the area exposed to the
electron beam. Sulfuric acid concentration and liquid film thickness can be controlled
by temperature and pressure, and a 3D printed nanoruler allows characterization of
the thin liquid film. The effects of dose, refresh time, and a surfactant on etch efficiency and resolution were evaluated. Etch extent increases with increasing dose
before terminating at sub-micron dimensions. Varying refresh times from 100 to
4000 ms does not measurably affect the process, indicating a lack of depletion of reactants near the beam impact point and suggesting a passivation process that occurs
on time scales shorter than 100 ms. Pattern resolution improves With the addition
of a surfactant while etch efficiency is reduced. Furthermore, localized etching at a
targeted area on the substrate can be conducted using an in-situ liquid injection system. Liquid-phase electron-beam induced etching of nickel has the potential for broad
application. With improvements in resolution, it may be suitable for EUV mask repair without subsurface damage. However, its current resolution and throughput are
already sufficient for direct-write prototyping and some imprint lithography template
repair.

Copyright© Sarah K. Lami, 2020.
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Figure 4.5: Ex-situ micrographs of single-pixel dots etched into a 170-nm thick Ni
film using a total dose of 20 nC with variable refresh time (labeled). (a,c) top view
and (b,d) tilted view (40°) of etched dots. There is no statistically significant effect
of refresh time on etched feature size.
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Figure 4.6: (a)SEM micrograph of dots exposed with increasing dose from left to
right starting with 2 nC, then 4 up to 28 nC with increments of 4 nC. (b) measured
diameter of etched dots vs. electron beam dose with and without the non-ionic
surfactant compound (Tween 80). The surfactant clearly suppresses etching and
dramatically reduces the terminal diameter. (c) Etched volume vs. dose with and
without surfactant. In the linear region the surfactant reduces etch efficiency by a
factor of 4.
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10µm
Figure 4.7: Sequential in-situ micrographs depicting the use of the LIS to dispense
aqueous sulfuric acid for localized Ni etching. (a) No liquid is flowing while positioning
the LIS. (b) Liquid starts to flow upon LIS contact with the substrate. (c) The liquid
begins to spread on the Ni surface and the LIS is lifted. The etching process begins
once the droplet stabilizes with a concentration of ≈ 1 M. (d) In-situ post patterning
image. (e) Ex-situ image of the etched dots. (f) Enlarged image from (e).
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Chapter 5
Related Work
5.1

In-Situ Optical Spectroscopy

Electron irradiation of aqueous solutions yields various radical species, primarily from
water radiolysis. One of these species is the hydrated electron e( aq)− . Hydrated
electrons are powerful reducing agents, and it is generally believed that they play
an essential role in the radiation synthesis of metallic nanoparticles. Moreover, it
is expected that solvated electrons contribute to the deposition of metals from their
dissolved ions in liquid phase-focused electron beam induced process (LP-FEBIP).
However, due to their high reactivity and the high local concentrations of reactive
species at the beam impact point, they have a short average lifetime ( 1 ţs), which
makes them extremely difficult to detect in an electron microscope. To date, no direct
sensing of hydrated electrons has been made using a focused electron beam. Here,
we present a technique to potentially detect hydrated electron’s absorption spectrum
and perform real-time imaging of their lifetime in environmental scanning electron
microscopy (ESEM).
Solvated electron yields and lifetimes may be different in in-situ electron-microscopy
compared to traditional radiation chemistry. In traditional radiolysis of an aqueous
solution, the hydrated electrons are ejected during ionization of the solvent molecules
and the primary electrons are transmitted through the solution. However, in the
ESEM, primary electrons themselves may lose sufficient energy in the liquid to thermalize and become hydrated. Previous experiments in radiation chemistry have
shown that hydrated electrons have a broad absorption spectrum around 690 nm,
which allows them to be experimentally studied via optical absorption spectroscopy.
Other experiments have measured their reaction with a wide range of other species,
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Figure 5.1: Optical micrograph of the sensing system with the optical fiber alignment
structures visible
their yield and lifetime, and other properties of interest.
The two photon direct laser wring technique has been used to 3D print microstructures for in-situ spectral sensing and measurements (figure 3.1). The 3D printed
optical system has been evaluated ex-situ by performing absorption spectroscopic
measurements for liquid dies.
Microfluidic liquid wells were successfully fabricated and optical fibers were attached for spectroscopy (figure 5.1). It was possible to selectively condense liquids in
the microfluidic chamber (figure 5.2, but conclusive measurements of absorption at
the solvated electron peak near 700-nm were not obtained. Our current hypothesis is
that the short radical lifetime does not provide adequate signal-to-noise ratio in the
nonresonant absorption configuration employed.
In the absence of in-situ absorption data, we chose to validate the basic concept
using a sealed liquid cell and Fricke dosimeter solution. The dosimeter consists of
Ferrous ions (Fe2+ ) that further oxidize to ferric ions (Fe3+ ) due to the formation
of free radicals when the solution is irradiated by electrons. A sealed capsule with a
polyimide electron transparent membrane windows was filled with the Fricke dosimeter solution (figure 5.3). Figure 5.4 shows the UV absorption spectrum after beam
exposure in reference to the unexposed solution. The absorption peaks for ferric
ions at 303 and 224 nm were clearly detected indicating the successful generation of
oxidizing species by focused-electron irradiation in the SEM.
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Figure 5.2: (a) Schematic of the microfluidic well and spectral sensing optical system
with an optical micrograph (inset, lower right) of a 3D printed liquid reservoir. A
microprinted liquid reservoir constrains the liquid for in-situ micro analysis. Selective
condensation in the printed liquid reservoir is stimulated due to the difference in
surface energy and temperature between the aqueous solution the reservoir and the
substrate material. (b) Electron micrograph of the 3D printed optical system in which
the liquid reservoir filled with hydrated precursor compared to the anhydrous solid
precursor (inset, top right).
5.2

Electron Beam Induced Etching of Teflon film with Reactive Gas

Teflon Af, an amorphous fluoropolymer, has attracted considerable interest in the
semiconductor and the optoelectronics industry due to its superior optical and dielectric properties. [195] It is optically transparent with high thermal stability and low
dielectric constant. Therefore, the material can be used as the dielectric in integrated
circuits and as optical waveguides. For example, in high-density microelectronics circuits, a low dielectric material would be desirable to reduce power dissipation and
crosstalk. [196] If the SiO2 for a given interconnect configuration is replaced by amorphous Teflon, the power dissipation and crosstalk can be reduced to approximately
50% and 25% respectively. [197] Additionally, Teflon is gaining increasing interest in
bioelectronic devices, nano-imprint lithography and photonic and plasmonic sensing.
Teflon has good chemical resistance; therefore, it is difficult to etch by wet chemicals. Also, its amorphous nonstick surface prevents photoresist films from adhering
on its surface for subsequent etching and patterning using traditional photolithography. Therefore, several techniques have been adopted for Teflon Af patterning.
Karre et. al. reported direct electron-beam patterning of Teflon without chemi-
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Figure 5.3: Electron micrograph image of a commercial liquid cells (QuantomiX
WetSEM ) polyimide electron transparent membranes. The Fricke dosimeter solution
is contained within the closed capsule and accessible to the electron beam through
the membrane windows.

Figure 5.4: UV absorption spectrum of Fricke dosimeter solution after focused irradiation in the SEM. The peaks at 224 and 303 nm indicate the presence of ferric ions
and confirm the radiolytic generation of oxidizing species.
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cal development. [198] Denhoff et. al etched Teflon AF films by reactive ion beam
etching using Oxygen and Aragon gas mixture. [199] Researchers have studied the
ionization radiation chemistry of Teflon Af and noted complicated degradation mechanisms. [200–202] The properties of Teflon Af under x-ray irradiation I in the air have
been examined. [203] In this study, it has been concluded that peroxy radicals were
generated upon reaction with oxygen and subsequently reacted with water vapor in
the air forming hydroperoxides.
In this work, variable pressure electron beam lithography (VP-EBL) is used for
patterning of Teflon Af( figure 5.5 ). This technique resulted in a complete material removal with an increase in the dissolution rate in the presence of water vapor.
During electron beam irradiation, the water vapor alters the radiation chemistry of a
functional fluoropolymer Teflon AF. [204] Rectangles (25 ţm Œ 100 ţm) were exposed
in spin-coated Teflon AF films (480- nm thick) using beam energies of 10, 20, and 30
keV and a range of areal dose. Exposures were conducted under either high vacuum
( 5Œ10-5 Torr) or 1 Torr of water vapor in an environmental scanning electron microscope (ESEM) with a pattern generator. Samples were developed for 120 seconds in
ethanol, and a profilometer was used to measure the pattern depth before and after
development. Full clearance positive tone behavior was observed only in the preens of
water vapor. In contrast, development after high vacuum exposure revealed negative
tone behavioral at low doses and positive tone behavioral at high doses and patterns
did not completely clear. This drastic change may be correlated with water-induced
radiation reactions since Teflon radiation degradation depends heavily on the ambient
environment.
In order to understand the underlying etching mechanisms of the Teflon Af film,
Monte Carlo simulation was used to estimate the total deposited energy and hence
the absorbed does in the irradiated region were computed. Electron beam elastic and
inelastic scattering under 1 torr water vapor and perfect vacuum were calculated at
10, 20, and 30 keV. The Mott elastic scattering cross-section was used for the Teflon
and the Si. The Joy-Luo-Nieminen [87,131] model was used for the inelastic scattering
and continuous slowing down of electrons. Electron scattering and inelastic ratio in
the gas was calculated using Egerton atomic model. [97] The average energy loss per
electron was computed and converted to the average absorbed dose using equation
(5.1). We found that the average dose rate is significantly higher, more than four
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orders of magnitude, when compared to with other radiation chemistry studies.
Dabs =

DA Eav
qt ρ

(5.1)

Where Dabs is the absorbed dose in Gy, DA is the areal dose in C/cm2 , Eav is the
average energy lost in the exposed area per electron in J, q is the electron charge
in C, t is the Teflon AF film thickness in cm, and ρ is the density of Teflon AF in
kg/cm3 .

H molecules
H2O
Electron beam
Chamber

Patterned Resist
Figure 5.5: Schematic representation of variable-pressure electron-beam lithography
(VP-EBL). An amorphous fluoropolymer, Teflon AF, is irradatted by the electron
beam with a subatmospheric-pressure gas, water vapor, in the chamber. The water
vapor not only dissipates charge, but also dramatically alters the chemistry of the
resist exposure process.
5.3

Electron Beam Induced Deposition of High-Conductivity Copper
Nanowires using Liquid Precursors

Electron and ion beam induced deposition is a direct patterning technique of nanometersized structures of functional material with application in lithographic mask and
imprint template repair, integrated circuit edit, and rapid prototyping of nanoscale
devices. With conventional focused electron beam induced deposition, a gaseous precursor contains the desired substance, usually a metal, is injected into the vacuum,
which subsequently adsorbs to the sample surface. Thereafter, chemical reactions are
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initiated by scanning the sample surface with electrons or ion beam. However, deposition from metalorganic gaseous precursors yields carbon-rich low metal contents
materials with purity less than 50 at.%. [38, 205]In addition, inorganic precursors are
unstable and often contain fluorine or chlorine. This negatively affects the properties
of the deposit and prevents the deposition of functional materials such as copper.
A higher purity copper deposit is desirable due to the demand for lower resistivity
material, especially for metal interconnects in integrated circuits. Therefore, it is
essential to address the purity issue of focused electron beam induced deposition.
Several techniques have been developed to improve the purity of electron beam deposits. Often, those techniques involve post-processing steps such as annealing. In
practice, however, the resistivity of copper from FEBID is still six orders of magnitude higher than its bulk resistivity. Furthermore, the morphology of the deposits
after the annealing step suffers from void formation due to carbon loss.
Bulk liquid precursors have been investigated as an alternative to gas precursors
for FEBID of copper without the need for post-processing. Randolph et. al reported
copper deposition from copper sulfate solution delivered to bulk substrates via liquid
injection system. [61] Bresin et. al. reported Cu deposition from CuSO4 (aq) and
sodium dodecyl sulfate (SDS) with purity higher than 70 at.%. [3] Recently, Esfandiarpour et. al. obtained Cu deposits with purity as high as 95 at% from containing
copper sulfate, sulfuric acid, and various surfactant. [45] In this work, we deposited
copper nanowires with a resistivity of 5.6 ohmcm, which is only four times higher than
the bulk , 1.7 ohmcm , form solution containing 0.25 M CuSO4 and 0.1 M H2 So4 in an
environmental scanning electron microscopy. Four-point probe samples with 15 nm of
gold on 1.7 m SiO2 substrate and chromium adhesion layer were used for resistivity
measurements. A liquid injection system (LIS) is used to locally deliver the liquid
precursor with a known initial concentration targeting the four-point probe structure
as shown in figure 5.6 b and c.
An effective procedure, shown in Figure 5.6, was developed to reliably deposit
the copper nano wires above a four-point probe structure. The sample was cooled to
3°C. The ESEM was pumped directly to 5.5 Torr. The liquid was injected using the
liquid injection system. The LIS needle was aligned and adjusted with respect to the
four-point probe structure. The capillary flow of the liquid is initiated upon contact
whit the sample surface forming a thin liquid film on the substrate. After stabilizing
the liquid film by adjusting the chamber pressure, the copper nanowire was deposited

80

Figure 5.6: Sequential micrographs of copper nanowire patterning procedure. (a)
The initial four-point probe structures on a silicon sample. (b) Positioning the liquid
injection system above probe leads. Note that no liquid is flowing during positioning
step. (c) Liquid injection and spreading upon contact with the surface of the sample.
(d) A stabilized liquid film covers probe leads. Prior to deposition, a single pixel
e-beam exposure is performed to ensure good patterning conditions. (e) A copper
nanowire deposited from an aqueous solution of CuSO4(aq) and H2 SO4 across a fourpoint probe structure. (f) The physical dimensions of the deposited Cu nanowire.
using a pattern generator attached to the ESEM system.
The low resistivity of deposits from aqueous solutions without post-processing
steps overcomes the challenges associated with deposits purity for different applications such as integrated circuit editing and debugging, the interconnection of lithographically patterned, and semiconductor mask repair.
5.4

High-Efficiency Hybrid Achromatic Metalens via 3D Printed Optical
Elements

Diffractive and refractive optics are an excellent component that plays a vital role
in designing an optical system. Generally, these optical components are bulky and
costly to manufacture with high precision. [206] For applications of portable wearable
optics, virtual reality, and miniaturized optical devices, it is required to have an
ultra-thin optical structure that can accurately manipulate the properties of light.
[207–210] Recently, metasurfaces have been developed as a versatile platform for
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electromagnetic wave manipulation in which a subwavelength spaced structure can
control the phase and the polarization of the electromagnetic waves. [211, 212] This
allows compact optical devices such as augmented reality headsets, metalenses, and
holograms. Several research groups have focused on developing broadband achromatic
metalenses in the visible and near-infrared spectrum. However, metalenses suffer from
low focusing efficiency except near their design wavelength. [213–216] In this work,
we have created a Hybrid Achromatic Metalens (HAML), shown in figure 5.7, with
enhanced focusing efficiency across a broad wavelength range from 1000-1800nnm.
Our fabricated HAML consist of nanopillars and phase plates with average focusing
efficiency > 60%and maximum efficiency 80%. The height and the diameter of the
nanopillars, as well as the thickness of the phase plates, are variable and are arranged
in specific patterns to focus light.
The lenses are fabricated using two-photon polymerization (2PP) on a 0.7 mm
thick fused silica glass substrate. Three different lenses were fabricated with an entrance pupil diameter of 20, 40, and 80 m and numerical aperture (NA) of 0.27, 0.11,
and 0.006 respectively. Fabrication of these HAMLs is much more cost-effective compared to compact polishing and other requirements for high performance lenses. An
example of a fabricated metalens is shown in figure. The HAMLs were characterized
using a collimated beam from a supercontinuum source. The wavelength was swept
from 1000 to 1800 nm, and intensity was measured as a function of 3D position with
respect to the lens. These hybrid achromatic metalenses may find application in
microscopy, sensors, lithography, displays, and endoscopy.

Copyright© Sarah K. Lami, 2020.
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Figure 5.7: A hybrid achromatic metalens (HAML) combines a phase plate with a
metalens to simultaneously correct chromatic aberration and improve focusing efficiency. (a,b,c) Electron micrographs of HAMLs fabricated with two-photon lithography on fused silica substrates. From left to right, aperture values are 20, 40, 80 m.
(d) Enlarged image of the 20 m diameter, 0.27 NA lens showing the phase plat and
the nano pillars of the HAML. (e) Schematic representation of a HAML illustrating
broad-band focusing. (f-g) Broadband, near infrared imaging with a HAML of diameter=300 µ m, NA=0.02, and optical bandwidth of 700 nm (1000 to 1700 nm). (h)
Image of standard 1951 USAF target. The maximum spatial frequency resolved by
the metalens is 40.3 line pairs/mm.
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